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Introduction 

Environment Ontario holds its annual Technology Transfer 
Conference to report and publicize the progress made on 
Ministry-funded projects. These studies are carried out 
in Ontario Universities and by private research 
organizations and companies. 

The papers presented at the Environmental Research: 1991 
Technology Transfer Conference are published in two 
volumes of conference proceedings corresponding to the 
following sessions: 

VOLUME I : FEATURE PRESENTATIONS 

ENVIRONMENTAL TRANSPORT AND FATE 
ENVIRONMENTAL EFFECTS 

ENVIRONMENTAL MANAGEMENT OPTIONS 

VOLUME II: FEATURE PRESENTATIONS 

EMISSIONS AND EFFLUENTS 
fNVlRONMENTAL TECHNOLOGIES PROGRAM 
PREVENTION, TREATMENT 

AND REMEDIATION 
TECHNOLOGIES/ BIOTECHNOLOGY 

Volume I is comprised of presentations given during 
Session A, Session B and Session C of the conference, as 
well as all Feature Presentations. 

For reference purposes, indices for all sessions may be 
found at the front of both volumes. 

For further information on any of the papers, please 
contact either the authors or the Research and Technology 
Branch at (416) 323-4649 or 323-4573 

Acknowledgments 

The Conference Committee would like to thank the authors 
for their valuable contributions to environmental research 
in Ontario. 

Disclaimer 

The views and ideas expressed in these papers are those of 
the authors and do not necessarily reflect the views and 
policies of Environment Ontario, nor does mention of trade 
names or commercial products constitute endorsement or 
recommendation for use. 
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Introduction 

In his treatise Air, Water, and Places, the ancient-Greek physician Hippocrates 
demonstrated that the appearance of disease in human populalions is influenced by 
the quality of air, water, and food; the topography of the land; and general living 
habits. This approach is still relevant and, indeed, the cornerstone of modern efforts 
to relate public health to environmental factors. What has changed is the precision 
with which we can measure and model these long-held relationships. Today, 
environmental scientists recognize that plants, animals, and humans encounter 
environmental contaminants via complex transfers through air, water, and food 
and use multimedia models to evaluate these transfers. In this talk, 1 explore the 
use of multimedia models both to examine pollution trends and as a basis for 
characterizing human health risks and ecological risks. The strengths and 
weaknesses of the approach are discussed. 

I begin with a review of multimedia models — how they came about and 
where they are going. I highlight areas of success, areas of weakness, and areas that 
need much more work — such as plant-soil-air modelling. Next, I look at recent 
efforts to integrate multimedia models with exposure models to develop a more 
complete picture of human exposure to environmental contaminants. This is 
followed some ideas about the formal treatment of uncertainty in multimedia 
models and how this could bring about a better understanding of their precision and 
accuracy. Finally, I will discuss some new directions for multimedia model 
research. 

Multimedia Models 

Efforts to assess human exposure from multiple media are not particularly 
new. The need io assess human exposure to global fallout in the 1950's led rapidly 
to a framework that included transport both through and among air, soil, surface 
water, vegetation, and food chains. Hfforis to apply such a framework to 
nonradioactive organic and inorganic toxic chemicals have been more recent and 
have not as yet achieved the level of sophistication extant in the radioecology field. 

The first widely used multimedia compartment models for organic chemicals 
were the "fugarity" models developed bv Mackay (197V, 1991) and Mackay and 
Paterson (1981, 1982). Cohen and Ryan (1985) introduced the concept of the 



multimedia compartment model as a screening tool with the MCM model, At the 
Lawrence Livermore National Laboratory (LLNL), we have developed a multimedia 
screening mode!, called GEOTOX (McKone and Lay ton, 1986), which was one of the 
earliest multimedia models to explicitly address human exposure for 
nonradioactive contaminants. 

In a multimedia model we lump major components of the environment into 
homogeneous subsystems or compartments that can exchange mass with other 
adjacent compartments Quantities, concentrations, or fugacities within 
compartments are described by a set of linear, coupled, first-order differential 
equations, which can be solved under steady-state or dynamic conditions. A 
compartment is described by its total mass, total volume, solid-phase mass, liquid- 
phase mass, and gas-phase mass. Mass flows among compartments include solid- 
phase flows, such as dust suspension or deposition, and liquid-phase flows, such as 
surface run-off and ground-water recharge. The transport of individual chemical 
species among compartments occurs by diffusion and advection at the compartment 
boundaries. Each chemical species is assumed to be in chemical equilibrium among 
the phases within a single compartment. However, there is no requirement for 
equilibrium between adjacent compartments. Decay and transformation processes 
(such as radioactive decay, photolysis, biodegradation, etc.) are treated as first-order, 
irreversible removals. The compartment structure we are using for assessing the 
regional impacts of toxic substances in air, water, and soil is illustrated in Figure 1. 




Sediment 



Leaching to ground water 



Figure 1. An illustration of mass exchange processes modeled in a seven- 
compartment environmental transport and transformation model. 



Multiple Pathway Exposures 

Human exposures to environmental contaminants result from contact with 
contaminated soils, water, air, and food as well as with drugs and consumer 
products. The extent of such exposures depends on (1) human factors and (2) the 
concentrations of a chemical in contact media. Human factors include all 
behavioral, sociological, and physiological characteristics of an individual that 
directly or indirectly affect his or her contact with the substances of concern. The 
principal output of an exposure assessment is a quantitative estimate of contact, 
expressed as mass of chemical per kg body weight per day. Exposures should be 
estimated for specific routes (i.e., inhalation, ingestion, and dermal uptake) because 
route-specific uptake, distribution, and metabolism are accounted for in 
pharmacokinetic models that could be used in risk assessments. 

An early approach for systematically assessing multiple pathway exposures to 
nonradioactive environmental contaminants is the exposure commitment method 
(ECM) (Bennett, 1981). Exposure commitments (i.e., contaminant concentration in 
human tissue) are calculated from transfer factors that are the ratios of the steady- 
State concentrations of contaminants in the compartments of an exposure pathway. 
An exposure commitment is determined by multiplying the transfer factors of a 
given pathway, for example, air— >plants— >livestock— >diet. This method has 
been applied to organic chemicals and metals. Applications of the ECM are 
retrospective and depend on measured concentrations of the substances in the 
different compartments to estimate transfer factors. 

McKone and Daniels (1991) have developed an approach that explicitly allows 
for the estimation of exposures to a substance based on either measured or predicted 
concentrations of the substance in contact media, rath way-exposure factors (PEFs) 
are used to link chemical concentrations in multiple environmental media to 
human exposure by route— inhalation, ingestion, uptake. Specifically, each PEE 
numerically translates a chemical concentration in each of the primary 
environmental media (air, water, and soil) into exposure rates (in mg/kg-d) for each 
route of exposure. Incorporated into each PEE is information on human phvsiology 
and life style, as well as data describing pollutant behavior in food chains or in 
microenvironments, such as indoor air. In contrast to the ECM, this approach is 
prospective. This type of prospective approach has been used by Chetty (1991) to 
assess the impacts of benzene and pyrene in the Los Angeles basin. 

Uncertainties 

At best, mathematical models only approximate real systems, and therefore 
their predictions are inherently uncertain. The need to address human exposure in 
a multimedia framework brings with it a need to characterize the uncertainty in 
human exposure models and the combined uncertainty in exposure and 
dose/response models. In characterizing uncertainty in exposure models, three key 
issues should be considered: (1) uncertainly in predicting the relationship between 
sources of contaminants and concentrations in the accessible environment; 
(2) uncertainty in quantifying pathway-exposure factors (PEFs) that relate 



environmental concentrations to levels of exposure; and (3) the important 
contributions to the combined uncertainty in environmental dispersion and 
pathway-exposure factors. 

Future Directions 

In their efforts to construct new multimedia-exposure models, 
environmental scientists should recognize the importance of being both 
comprehensive and realistic in developing exposure scenarios. In addition to an 
emphasis on comprehensive human exposure modelling and formal treatment of 
uncertainties, there are four other areas that, 1 believe, will be important for the 
future of multimedia models— (1) formal validation studies (2) improved air-plant- 
soil models, <3) ecological risk assessment, and (4) ecological economics. Little real 
progress with multimedia models will occur until there is a coordinated effort to 
validate a multimedia model both with measured data and with other models. The 
recent literature reveals new understanding about the transfer of contaminants 
among soil, air, and terrestrial plants and this information needs to be incorporated 
into the next generation of multimedia models. Also, multimedia models could 
provide valuable input to the process of calculating ecological risk, but so far the 
literature in this area is incomplete. Finally, the newly established field of ecological 
economics (Costanza, 1989), which seeks to address broad-scale relationships 
between ecosystems and economic systems, is an area weil-suited match to the 
multimedia approach, but the courtship has yet to begin, 
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Introduction 

Studies of the sources, transport and fate, and effects of the chlorinated dibenzo-p- 
dioxins (dioxins) and dibenzofurans (furans) are among the most difficult in 
environmental research. Central to these investigations are effective analytical 
methods that can quantify ultra-trace concentrations of dioxins/furans m a wide range 
of complex samplu types. Developments in science as applied to toxic environmental 
contaminants essentially are the story of the dioxins/furans, as there is a close 
parallel between advances in analytical methods and advances in the environmental 
sciences. Because of the numerous studies of dioxins/furans in air, water, soil, 
industrial emissions, and in human and animal tissue, the dioxins and furans may he 
considered the first chemicals studied as true multimedia contaminants. 



The History of Dioxin and Furan Contamination 

Environmental contamination episodes . In 1957 millions of broiler chickens in the 
U.S.A. died after ingesting toxic compounds in feed fats. It was not until 1966 that 
one of the toxic compounds was identified as 1,2,3,7,8,9-hexachlorodibenzo-p-dioxin 
(1,2,3,7,8,9-HgCDD) by x-ray crystallography. In the 1960s attention was focused on 
2,3,7,8-tetrach)orodibeii2o-p-dioxin (2,3,7,8-TCDD) produced as a trace side-product in 
the manufacture of chlurophenofs. Since chlorophenols were used as starting products 
in the manufacture of a number of industrial chemicals including the widely used 
herbicide 2,4,5-trichloraphenoxyacetie acid (2,4.5-T), 2,3,7,8-TCDD contamination of 
the environment became widespread. Incidents such as the spraying of Agent Orange 
in Vietnam from 1962-1970; the industrial accident at Seveso, Italy in July, 1976; and 
improper waste disposal at many Missouri sites during the early 1970s that resulted 
in the 1982 evacuation of the town of Times Beach, received intensive public scrutiov 
and are now well-documented. The presence of these chemicals in old chemical dump 
sites such as the Love Canal has also been highly publicized. In 1968 and 1979, cases 
of human poisoning from accidental ingestion of PCBs occurred in Japan and Taiwan, 



respectively. The presence of some chlorinated dibenzofurans in the PCBs was 
thought to be the principal agent responsible for the adverse health effects observed. 
Other studies showed that furans are formed during the uncontrolled burning of PCBs 
after a series of PCB-filled capacitor fires occurred in several different countries. One 
of the most publicized capacitor fires took place in an office building in Binghamton, 
N.V, in 1 981. Furans are also found in chlorophenols and related industrial chemicals. 
The above issues are all described in references 1-4. 



Other sources of dioxins and furans . In 1977 dioxins were found in the fly ash from 
municipal waste incinerators in The Netherlands (5). The following year, this finding 
was confirmed in fly ash from Ontario incinerators (6). In 1979 the New York State 
Department of Health announced the finding of 2,3,7,8-TCDD in two Lake Ontario 
fish. The Ontario Ministry of the Environment (MOE) set up a special laboratory to 
study this issue in October, 1980. By 1981 a data base of a few hundred analyses of 
2,3,7,8-TCDD in fish was developed separately by Ontario and by New York State. 
Since the finding of 2,3,7,8-TCDD in fish showed that some waterborne route of 
contamination existed, MOE also began testing Lake Ontario surface water and 
drinking water. MOE's detection limits were 10 parts per trillion (ppt) in fish and 
lppt in 1L water samples (7). In September, 1985, the U.S. EPA found elevated levels 
of 2.3,7,8-TCDD in a few fish sampled in areas near Pulp & Paper mills. Intensive 
investigations by MOE during 1985-86 confirmed that dioxins and furans were 
contaminants of mills that employed chlorine in the bleaching process (8). In 1989 the 
Ontario petroleum refining industry was found to be a source of dioxins and furans 
during the regeneration of spent catalyst material used in the catalytic reforming 
process (9). Other sources were characterized in the late I980's. These included 
automobile exhaust (101, metal recovery facilities (11), steel mills (12), and other 
metallurgical industries (13). 

Enough is now known to suspect any combustion process as being a possible source 
of dioxins and furans. This was stated a decade ago by the Dow Chemical Company 
as the "Trace Chemistries of Fire" hypothesis (14). Little work has been performed 
on natural combustion sources such as forest fires, but a recent MOE study has shown 
that dioxins and furans are formed under forest fire conditions (15). 



Dioxins and Furans as Multimedia Contaminants 

All of the above studies show that humans can be exposed to dioxins and furans from 
air, water, and soil exposure pathways. A recent investigation showed that food 
commodities accounted for up to 95% of the exposure of Ontario residents to these 
chemicals (16). However, this exposure only amounted to 23% of the total tolerable 
daily intake (TDI) of 2.3,7,8-TCDD (Toxicity Equivalents or TEQ, see below) of 10 
picograms (pg) per kg body weight (kg bw). All routes of exposure must be included 
in any model used to estimate exposure of humans to dioxins and furans. The 
multimedia exposure model used for Ontario has been described (17). 

The basis for the multimedia approach is straightforward: once the maximum 
exposure level for a chemical has been determined, this quantity most be apportioned 
between all routes of exposure to protect human health. In this way, the combined 
exposure permitted by the separate guidelines would not exceed the TDI. Since food 
is the principal exposure pathway for Ontario residents, most of the tolerable daily 
dose would be apportioned to this pathway when determining guidelines, '['he net 
effect of the dose allocation exercise is that the guidelines set for any one exposure 
pathway will be much lower than if the entire daily tolerable dose was considered, 
The multimedia approach thus provides an effective means to protect human health. 
and in a sense symbolizes the interconneetednes.s of the ecosystem. The scientific 
advances in multimedia standard setting for the dioxins/furans can be applied to other 
environmental contaminants. 



Challenges in the Analysis of Dioxins 

The need for low detection itmits . There are several reasons why parts-per-trillion 
(ppt) and parls-per-quadrilhou (ppq) detection limits are required: 

Q the LD M for 2.3,7,8-TCDD is about 1.0 ug/kg bw in the most sensitive 
species 

□ dioxins are hydrophobic and lipophilic, and consequently have high 
bioconeent ration factors - therefore low detection limits are required to 
identify and track sources, especially in aquatic systems 

Li for the study of dioxin levels in human and animal tissues, sample sizes 
may be very small 

□ long-term chronic effects from low-level exposures are not well 
understood 



T M he.need to s e parate dioxins from other organics in the sample . This task is the most 
challenging and the success with which sample cleanup is performed will determine 
the detection limits, precision, and accuracy that are attained. Since dioxins may be 
present in the final sample extract at low picogram quantities, they may be "swamped 
out" by other organics that are present in quantities thousands of times greater. The 
sophisticated gas chromatograph-mass spectrometer (GC-MS) systems employed for 
the final separation and detection steps of the analysis, although highly selective, 
cannot achieve ppt and ppq detection limits unless presented with a "clean" sample in 
which virtually all other organics have been removed. It should also be remembered 
that highly contaminated samples where dioxin levels may be significant are precisely 
those samples where other chlorinated organic compounds - structurally similar to the 
dioxins and therefore potential interferences - are also likely to be present. 

The need to separate the dioxins from each other . Of the 210 possible chlorinated 
dioxin/furan structures, only 17 are thought to be of toxicologic^ significance. These 
are the ones with chlorine substitution at the 2,3,7 and 8-positions of the basic 
structure. The other "non-toxic" dioxins and furans are therefore interferences for the 
1 7 "toxic" compounds. Schemes have been developed to relate the relative toxicity of 
each 2,3,7, 8-substituted dioxin/furan with that of the most toxic: 2,3,7,8-TCDD. For 
example, octachlurodibenzo-p-dioxin {OCDD) is considered to be 1000 times less toxic 
than 2.3,7,8-TCDD, while 2,3,4,7, 8-pentachlorodibenzofuian (2,3,4,7,8-P 5 CDF) is 
thought to be one-half as toxic. Therefore "toxicity equivalent", or TEQ factors can 
be applied to the concentrations of OCDD and 2,3,4,7,8-P 5 CDF in a sample to 
determine their "2,3,7,8-TCDD-toxicity equivalent" concentrations. The OCDD 
concentration is multiplied by 0,001, while the 2,3,4,7,8-P 5 CDF concentration is 
multiplied by 0.5. By doing this for all 17 of the 2,3,7,8-substituted dioxins/furans and 
then summing up the "2,3.7,8-TCDD-loxicity equivalent" concentrations, a total TEQ 
value is obtained that is very useful for regulatory and risk-assessment activities. 
However, this exercise is only effective if the 'toxic" and "non-toxic" dioxins/furans can 
be separated from each other. Since the 210 dioxins/ fiirans are so similar in structure 
to each other, this is not an easy task. 



I •» mil Analysis Slate of the-Art 

The challenges described above, although substantial, have largely been solved. High 
resolution 0( .-MS systems are available that can routinely detect 100 femtograms or 
less or2 t 3,7.8-TCDD. Detection of !0 fg has been reported. Complex cleanup schemes 
have been developed that effectively isolate the dioxins/furHiis from potential 
chemical interferences in the most difficult sample types. The keys to successful 
cleanup are the number of separation steps employed, and the care and skill provided 
by the analyst. By using a series of gas chromatographic columns, and/or a 
combination of gas chromatography and high performance liquid chromatography, 
definitive separation of all 2,3,7,8-substituted dioxins and furans from all non-toxic 
dioxins/furans is possible. 

Detection limits in real samples of ppt or better have been reported in samples of 
biota (including food) and soils; parts- per -quadrill ion levels are routinely attained in 
1 L water samples; and detection of 0.0 1 ng/m 3 dioxin in ambient air is commonplace 
for the best 10-20 laboratories world-wide. A precision of 20-30% relative standard 
deviation <%RSD) for such work is possible if conditions and calibration standards are 
carefully controlled. However, it is not unusual to observe RSDs of 50- 1 00% for dioxin 
in difficult samples when measurements are made near the method detection limit 



Where Do We Co from Here? 

In a recent NATO survey, over 100 laboratories world-wide were identified that have 
some level of dioxin capability. Just 15 years ago, only about a dozen could make this 
claim. Of course, not all of these laboratories have the same level of expertise. There 
are probably no more than 20 labs who can boast state-of-the art capability Tor isomer- 
specific determination or the 17 toxic dioxins/furans in virtually any matrix at ppt to 
ppq concentrations. One thing that even the top labs have not been able to do is to 
reduce the cost of analysis. It fa still such a specialized area requiring highly trained 
staff and sophisticated, expensive instrumentation that private labs charge from 
$1,000 to $2,000 per analysis. Reduced cost for dioxin determinations would allow 
many more determinations to be performed. This would not only benefit 
environmental surveys (more locations monitored) and quality control (more replicates 
and round robins I, but would help multimedia investigations that are very sample- 
inlensive (because all exposure pathways must be investigated). 



Some researchers feel that some PCBs exhibit sufficient toxicity that they should be 
included with the 17 toxic dioxins/furans for the calculation of total TEQs. To do this 
would require even lower detection limits for the dioxins and furans. Since PCBs in 
sufficient concentrations are serious interferences for dioxin determinations, including 
some of them in the TEQ calculation would present a difficult challenge. 

In the past 20 years, our knowledge of the formation, transport and fate, effects, and 
remediation of toxic environmental contaminants have greatly advanced because of 
dioxin/furan research. These advances would not have been possible without the 
parallel development of sophisticated analytical methodologies. 
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THE MULTIMEDIA APPROACH AND POLLUTION PREVENTION- 
WHAT DO WE KNOUT WHAT DO WE NEED TO KNOW? 



OUTLINE 

This paper places the concept of Integrated Environmental Protection 
Into the economic literature, reviews the implications of chat literature for 
the environmental management, and considers directions for future economic 
research. Special emphasis will be placed on the potential role of 
experimental economics in evaluating environmental policy. 

Introduction 

The theme of this conference is "The Hu'lcl-media Approach: Integrated 
Environmental Protection" and the theme of this session is "Environmental 
Management. Options". This paper is intended to place these themes in the 
broader context of the economic literature, to review the implications of that 
literature for the conference themes, and to consider directions for future 
economic research. Special emphasis will be placed on the potential role of 
experimental economics in evaluating environmental policy, 

It will be useful to define our terais. Environmental Management 
Options are institutions governing the interaction between the economy and the 
environment. On the one hand we can attempt to prescribe the exact conditions 
and quantities in which industrial, municipal and domestic wastes can be 
discharged to Che natural environment. This Is the "command -and -control" 
option often denounced in the economic literature. On the other hand we can 
attempt to manipulate the information people have and the incentives they face 
so as to encourage them to change their Interactions with the natural 
environment. This is the so called "incentive based* option frequently 
advocated in the economics literature, of course we could attempt some 
mixture of these somewhat opposing approaches. I shall have a considerable 
amount to say about this choice in the middle section of this paper. 

The terms "multi -media approach", "Integrated environmental 
protection", and "pollution prevention" are somewhat vaguer. In practice, It 
seems we are using a multi-media approach if we recognize that any waste 
discharged to any one medium (for example toxic wastes discharged to the air 
during incineration) may eventually wind up in a second medium ( water, for 
example) and possibly reincorporated into human activity through even a third 
medium, such as the fish we eat. We are not using a multi-media approach if 
we speak about air, water, or soil pollution by itself. Thus calling for a 
multi-media approach to environmental protection Is effectively a claim that 
exclusive focus on any one of air, land or water is going to lead to important 
errors in public policy. 



"Integrated environmental protection", it would Appear to me, has 
essentially the same content. I take it that our environment is protected in 
an integrated manner if we simultaneously control discharges to «tr F water and 
land. "Pollution Prevention", on the other hand, seems to refer more to the 
choice between *e.nd-of -pipe treatment" of residuals and process innovations 
designed to reduce residual discharges. 

II Multi-media Approaches In the Context of the Economic Literature 

Stressing Integrated environmental protection Is consistent with a 
large body of literature in environmental economics. Two strands in the 
literature seem particularly relevant. These are the materials balance 
approach to environmental economics and the rapidly expanding literature on 
economics of sustainable development. 

A The Materials Balance Approach 

The materials balance approach dates back to Kneese and forms the 
introductory portion of all environmental texts. The relationship between the 
economy and the natural environment can be pictured in various ways. The 
natural environment contributed physical materials and intangible services to 
the human economy. The economy discharges wastes to the natural environment 
where they may affect the original flow of materials and services. All 
materials extracted from the environment are ultimately returned co It as 
residuals. Focus on this fact immediately leads to the problem of multimedia 
contamination, since the control of discharges to any one medium must 
necessarily alter discharges to another. 

Recycling and pollution prevention can reduce the residual load placed 
on the environment, but they have labour, capital and natural resource 
requirements themselves. We must select the appropriate level of recycling 
and pollution prevention, while recognizing that reduced demands on the 
environment may have an opportunity cost Is terms of reduced incomes and 
consumption of other goods. 

B The Economics of Sustainable Development 

There is a large and growing literature on the economics of 
sustainable development. Much progress has been made In giving economic 
content to the idea of sustainable development. Here I wish to argue that 
efficiency should be a central concern of environmental quality management, 
and that it is too often neglected. In discussing policies for sustainable 
development, the literature also makes useful distinctions among general 
policies with environmental effects, framework policies concerning the 
environment , and issues surrounding project evaluation. 

1 Sustainable Development and Efficiency 



The literature distinguishes development from economic growth. 
Economic growth Involves increases in measured income such as GNP . 
Development refers to indicators of human welfare. It is argued that growth 
cannot be sustainable, but that development can. 

2 Policies for Sustainable Development 

Stimulating work on environmental policy has occurred at all three 
levels. At the level of general policies, new developments in National 
Accounting are leading to the Incorporation of depreciation of the Natural 
environment into the national accounts. Ac the level of environmental policy, 
the great debate concerns the choice between command-and-control regulation 
and incentive based regulation. Discussion of this Is postponed to the next 
section. At the level of project evaluation, sensible suggestions have been 
made for the incorporation of environmental concerns, but general practice In 
the field lags far behind. 

III The Choice of Regulatory Regime 

This section focuses on the choice between Command and Control and 
Incentive based regulation, The paradox is the great enthusiasm evidenced for 
market based schemes In the Green Plan and elsewhere while the assessments of 
the US market based schemes are surprisingly pessimistic. Several 
explanations for the limited success of these schemes are examined. 

We may react to the presence of environmental problems in several 
ways; we may ignore then, we may try to solve them through the private law 
system, or we may cry to regulate. In the last case we are faced with tht- 
choice between command and control and incentive based regulation. The case 
for incentive based regulation seems strong: incentive based regulations 
should minimize the cost of attaining any given level of environmental control 
and should provide strong incentives for the development of new control 
technologies. But the experience In the United States, especially with air 
emissions trading, has been only a modest success. Far fewer trades are made 
than had been expected. Explanations offered include excessive restrictions 
on trades (levels, sequential trades, the need to meet standards at every 
point (see Herriwell, Atkinson and Tietenberg), and political difficulties in 
getting the concept accepted. This last literature suggests concerns about 
the income distributional consequences of emission trading schemes is 
important. 

IV The Contribution of Experimental Economics 

This section suggests that some of the difficulties encountered in 
promoting and testing the ideas of incentive based regulation can be answered 
by laboratory experiments, Economics is not usually considered to be an 
experimental science. There Is a growing literature, however, that tests the 
effectiveness of economic institutions in a laboratory setting, The 



systematic examination of institutions for allocating environmental rights is 
only beginning. There are, however, a number of experiments that show great 
promise. Further work in this area Is advocated. 



Conclusion 

This paper has attempted to place the theses of environmental 
management options and the multi -media approach to pollution prevention into 
the context of the economic literature. It has argued that great progress has 
been made in suggestions for incorporating environmental concerns into 
economic decisions, but that practice lies well behind theory. The debate 
between command -and -control and incentive-based regulation Is unresolved. The 
newly developing field of experimental economics shows substantial promise in 
helping us to understand the nature of the debate. 
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INTRODUCTION 



Concern about increasing atmospheric CO2 concentrations has 
stimulated research on carbon cycling in natural systems. 
Northern temperate forest watersheds cover a large part of 
northern Ontario and Canada and have recently become the focus of 
intensive research regarding nutrient cycling. To understand the 
effect of anthropogenic influences, such as acidification and 
climate change, on their carbon cycle, the magnitude and pathways 
of carbon fluxes in these ecosystems must be evaluated. 
Generation of alkalinity which neutralizes acidic precipitation 
is also a part of the natural carbon cycle in watersheds. 

Most of the carbon cycling studies in aquatic ecosystems have 
been conducted using a DIC and POC mass balance approach (see 
wetzel, 1975, Ch. 17 for review). The studies of Herczeg (1985) 
and Quay et al (1986) are good examples of the potential of 
carbon isotopes to quantify lake carbon fluxes and determine 
major sources and sinks for carbon in systems of high 
productivity. Carbon isotopes have not been used in watershed- 
scale carbon and carbon isotope mass balances of to examine 
process controlling COj cycling in northern temperate forests and 
lakes of lower productivity of the Precambrian Shield in Canada. 



OBJECTIVES 



The overall objective of our research is to evaluate the 
carbon fluxes between the main carbon pools, atmospheric and soil 
C0 2 , dissolved inorganic carbon (DIC) and dissolved organic 
carbon (DOC) , involved in the carbon cycle of these forested 
watersheds (Pig. 1). Our research is comprised of two main 
aspects, a) The role of soil C0 2 production in carbon fluxes and 
the generation of acid-neutralizing capacity in a terrestrial 
subcatchment and b) carbon mass and carbon isotope balances in 
the lake watershed. These whole lake mass balances will then be 
used to estimate : a) The net C0 2 flux from surface water to the 
atmosphere and the net conversion of inorganic carbon to organic 
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carbon in the epilimnion; b) The conversion of organic carbon to 
DIC and Die input from sediment porewaters in the hypolimnion 
zone and; c) The importance of the DOC and POC conversion to Die 
in the lake DIC budget. 



APPROACH 

Our research approach involves the use of isotopic ( 13 C, 14 C) 
and chemical tools to evaluate the carbon cycling in forested 
watersheds in the Precambrian shield. Isotopic fractionation 
during carbon transfer among the different carbon pools makes it 
possible to use carbon isotopes as natural tracers to evaluate 
sources and sinks of carbon and transfer rates between and 
residence times in the various carbon pools. 



STUDY SITES 

The study sites, Harp and Plastic Lakes, are located in the 
District of Muskoka, Ontario (Figure 2). These two lakes with 
differing physical characteristics were selected as end members 
by the Dorset Research Centre of the Ontario Ministry of the 
Environment and are being monitored as part of the Acid 
Precipitation in Ontario Study (APIOS) in the Precambrian Shield 
( Dillon et al, 1978., Scheider et al., 1979). Information 
regarding the size, type of forest and composition of the 
overburden and bedrock of Harp and Plastic Lake watersheds can be 
found in Jeffries and Snyder, 1983 and Girard and Snyder, 1985. 

SAMPLING ACTIVITIES 

Field activities have focussed on the evaluation of the main 
carbon pools involved in carbon cycling at Harp Lake and Plastic 
Lake watershed. The carbon pools that are being evaluated in 
these watersheds are soil organic matter, soil C0 2 , dissolved 
inorganic carbon (DIC), dissolved organic carbon (DOC), 
particulate organic carbon (POC) and sediment organic matter 
(SOM) (Fig.l). In general, sampling is being carried out on a 
monthly basis but is conducted twice a month during the summer. 

Sampling of groundwater, soil organic matter and soil C0 2 has 
been carried out in Harp 4, a subcachment area of Harp lake 
watershed (Fig, 1). This well instrumented area has been the 
focus of extensive hydrological and geochemieal studies (e.g Seip 
et al,l985; Dankevy et al., 1990). 

Groundwater samples have been collected in wells installed in 
the upper (recharge areas), middle and lower part of the basin 
(discharge areas) , A network of gas probes was installed to 
collect soil C0 2 samples. Stream sampling has been carried out at 
the weirs installed by the Dorset Research Center to evaluate 



stream discharge into Harp Lake and Plastic Lake. The lake 
sampling is conducted in the deepest part of the lake and 
includes a detailed stratified sampling of the epilimnion and 
hypolimnion waters. 

Soil samples were collected in Harp 4-21 subcatchment area to 
be used in laboratory leaching experiments as part of the 
research concerned with the evaluation of carbon sources of 
dissolved organic carbon in groundwater. 

The main parameters that are being measured are PC0 2 , 
temperature, pH, DIC, DOC, POC and alkalinity. n C and l4 C 
analyses are performed on soil CO2, DIC, DOC and POC samples. The 
13 C analyses were done at the Environmental Isotope Laboratory, 
University of Waterloo by Mass Spectrometry and * C analyses were 



carried out at Lawrence Livermore National Laboratory by Tandem 
Accelerator Mass Spectrometry. T 
using the 6 notation defined as 



Accelerator Mass spectrometry. The 13 C analyses are reported 



& 13 C - [ (R S ample/ R standard) " 11 * 100 ° °/°° 



where R is the l3 C/ 12 C ratio in the sample and international 
standard PDB, respectively. 14 C results are expressed in percent 
modern carbon (pmc) relative to 95 % of the activity of oxalic 
acid standard in 1950 and normalized to a & l3 C of -25 0/00 PDB 
(Stuiver and Polach, 1977). Typical analytical errors are ± 0.2 
0/00 and ±1.0 pmc for C and c respectively. 



SUMMARY OF RESULTS 



This section summarizes the main results obtained to date in 
Harp Lake watershed focussing on the data concerning soil COj , 
and DIC in groundwater, streams and lake water. More detailed 
information about DOC, DIC and soil organic carbon cycling in 
Harp Lake catchment areas can be found in Schiff et al , 1990; 
Aravena et al, 1991 and Trumbore et al, 1991. 

Soil C0 2 

Soil CO2 concentration profiles collected from spring 1990 
(May) to the end of winter 1991 (March), show three distinct 
patterns. First, an increase in COj concentration that reaches a 
maximum (1.2 0/0) at the end of the summer. Secondly, a decrease 
in CO2 concentration occurs between July to December reaching a 
minimum concentration of 0.3 0/0 and finally a slight increase 
from 0.3 0/0 to 0.5 0/0 is observed during the period December to 
March 1991. During this last period, the area was covered by at 
least 100 cm of snow. 

The soil CO2 concentration profiles at Harp Lake are explained 
by changes in rates of production and losses due to diffusion to 
the atmosphere. 

The average S 13 c value for the soil CO^ during the summer is 
around -22 0/00, shifting to -25 0/00 during the winter. This 
pattern is a reflection of the isotopic composition of the soil 



C0 2 sources and changes in isotopic fractionation due to changes 
in rates of diffusion (Aravena et al, 1991). 

Groundwater 

The carbon isotopic composition of the groundwater DIC at Harp 
Lake watershed is a reflection of the chemical reactions that 
control the production of DIC in the unsaturated zone and in the 
aquifer sediments. In general, the 13 C composition of the 
groundwater is very similar throughout the basin, ranging from - 
22 o/oo to -24 o/o. This is a clear indication that the main 
process responsible for the generation of DIC (alkalinity) in 
this subcatchment is weathering of silicates. Dissolution of 
Carbonate to produce DIC would result in S C values for DIC of 
-12 o/oo to -18 o/oo. 

The 14 c data in groundwater is in agreement with the 13 c 
scenario. All the wells closer to the recharge areas have 14 c 
values between 116 to 118 pmc. These values are close to the 
atmospheric C0 2 during 1990 (Schiff et al., 1990). Lower 14 C 
activities (112 pmc) are observed in groundwater DIC in the 
discharge areas suggesting a DIC contribution from groundwater 
depleted in 14 c. A depleted groundwater component has been 
identified as originating in the bedrock ( 1 *C = 92 pmc) (Aravena 
et al, 1991) . 

Streams 

The stream water shows the same carbon isotopic composition as 
the groundwater. This pattern implies the input of recent 
groundwater to stream flow generation. The presence of older 
carbon is also evident at Harp 4 stream, and could be associated 
with the input of beaverpond water and/or the discharge of C 
depleted groundwater to the stream bed in areas close to the 
weir. 

Lake water 

Changes in carbon isotopic composition and concentration of 
Die in a lake water column are linked to the main processes that 
control the production and comsuaption of DIC in lake 
environments, 

(S n C DIC profiles in Harp lake in 1990 (Fig- 3) show a 
significant change in $ 13 C values from -20 o/oo to -8 o/oo in the 
epilimnitic waters from spring overturn to late summer. This 
isotopic pattern could be associated with photosynthesis and/or 
isotopic exchange with atmospheric co 2 . During photosynthesis 
phytoplankton preferentially use the lighter carbon isotope ( l2 C) 
as a carbon source, leaving the residual DIC enriched in the 
heavy carbon isotope. Isotopic exchange with atmospheric co 2 will 
change the 13 C DIC signature in the same direction as 
photosynthesis. Since epilimnitic waters at Harp Lake are 
continuously oversaturated with respect to eo 2 and thus a 
continuous source of C0 2 to the atmospheric C0 2 (P. Dillon, 
M.O.E, unpublished data), isotopic exchange between lake DIC and 



atmospheric C0 2 should be a minor process. Preliminary li C data 
of lake DIC also support this statement. 

The hypolimnetic i3 C DIC show an opposite isotopic trend to 
the epilimnitic DIC. A change to more depleted S 13 c values from - 
20 o/o to almost -26 o/oo is observed toward the fall. This 
isotopic shift must be due to oxidation of organic matter falling 
through the water column or resting on surficial hypolimnetic 
sediments. The average g 13 C value for particulate organic carbon 
(POC) is in the order of -28 o/oo. However, although there is an 
input of DIC from sediment pore water to the hypolimnion DIC, 
preliminary measurements of DIC in surficial hypolimnetic 
sediment pore water, yield a * 13 C of -22 o/oo, too heavy to 
account for shift in hypolimnetic DIC to -2 6 o/oo. 

The effect of biological activity in the carbon cycling of the 
lake can also be observed in depth distributions of DIC 
concentration and pH. For the period spring overturn to fall, 
these profiles show a decrease in DIC concentration in the 
epilimnetic water and an increase in DIC concentration in the 
hypolimnetic water (Fig 4). These patterns result from the 
redistribution of C0 2 (aq) in the water column due to 
photosynthesis in the epilimnion and remineralization in the 
hypolimnetic water and sedisients. pM data show an increase in pH 
in the epilimnion water from spring overturn toward the fall. The 
opposite is observed in the hypolimnion water. Hypolimnetic pH 
decreased during the same period. The changes in pH distribution 
are caused mainly by the same processes that change the DIC 
concentration, redistribution of C0 2 (aq) in the lake due to 
photosynthesis and remineralization of organic matter. 

with regard to DOC cycling in groundwater, streams and lake 
water, further data collected in this project have confirmed and 
clarified some of the main findings reported by Schiff et al, 
1990 about Doc cycling in Harp Lake watershed. These can be 
summarized as follows : a) Cycling of a significant portion of 
DOC in natural watersheds occurs on a short timescale (less than 
40 years) ; b) The input of recent DOC to streams from saturated 
areas close to the stream bed explains the high 14 c values 
observed in stream water coapared to groundwater. Groundwater is 
the main contributor to streams discharge in these watersheds and 
is characterized by low DOC concentration and the presence of 
older organic carbon; c) The older organic carbon present in the 
groundwater seems to be linked to carbon accumulated in the B 
soil horizon (Trumbore et al, 1991). 

Field activities in this project will be finished at the end 
of 1991. Future activities will focus on the completion of 
isotope and chemical analyses to evaluate carbon mass and carbon 
isotope balances in the lake watershed. Once information 
including stream discharge rate on a monthly basis is available 
for the study period, these whole lake mass balances will then be 
used to estimate a) The net C0 2 flux from surface water to the 
atmosphere and the net conversion of inorganic carbon to organic 
carbon in the epilimnion; b) The conversion of organic carbon to 
DIC and DIC input from sediment porewaters in the hypolimnion 
zone and; c) The importance of the DOC and POC conversion to DIC 



in the lake Die budget. A final report for this project 
expected at the middle of 1992, 
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INTRODUCTION 

The Euierian Model Evaluation Field Study (EMEFSi was designed to provide sufficient data to 
allow a full evaluation of computer models of the atmosphere over Northeastern North America. The 
major thrust was in the evaluation of the two state-of-the-science Euierian models heinc, used to simulate 
and study the chemistry of acid deposition and oxidant formation. They are the Acid Deposition and 
Oxidants Model (ADOM) (Venkatram et al. 19881, supported by the Ministry of the Environment, the 
Atmospheric Environment Service of Environment Canada, the Electric Power Research Institute fEPRO. 
and UmwelltHJndesamt (West Germany) and The Regional Acid Deposition Model (RADM) (Chang et 
al. 1987) supported by the Environmental Protection Agency (EPA). These models include our current 
best understanding of the sources of gases to the atmosphere, the best available three dimensional 
meteorology, the most complete gas and aqueous phase chemistry available, and our best measurements 
of trace gas concentrations. Realizing the importance of the predictions of these models, it was deemed 
necessary to establish their credibility by comparison with data collected during EMEFS. 

The Canadian component of the field study invoked data collection from the MOE-APiOS and 
A£S-CAPMoN networks. In addition, two sites were designated as intensive or enhanced sites. These 
were the AES site at Egbert (near Barrie) and the Ministry sue at Dorset. The purpose of these sites was 
to obtain data using enhanced techniques that required operation by specially trained personnel or at a 
frequency not possible under normal operating conditions. 

While the field study was put in place for model evaluation it became clear that the data obtained. 
especially that from the enhanced sites, could also be used to address a number ol additional issues. The 
Canadian Institute for Research in Atmospheric Chemistry (CIRAC) look the lead in the co-ordination 
of the Canadian Air Chemistry Experiment (CACE) which aimed to ensure the collection of a complete 
data set capable of addressing some specific atmospheric chemistry questions The work performed under 
this grant had as its focus the EMEFS program, but we were always mindful of the objectives of CACE. 

We undertook a measurement program, at the Ministry site al Dorset, to measure the 
concentrations of a number of key species in the atmospheric oxidation cycle. Field measurement 



programs, each of six weeks duration, were undertaken in the summer of 1988. the summer of 1989 and 
the spring of 1990. In this paper we compare the data obtained for three periods during the 1989 and 
1990 field campaigns, to show the type of information that can he gained on chemistry occurring at the 
measurement site when high quality, species specific trace gas concentrations are available. 

MEASUREMENTS 

The following is a listing of the chemical species that were measured at the Dorset site, and a 
brief description of the techniques used. 

Hydrogen Peroxide and Formaldehyde using a Tunable Diode Laser Absorption Spectrometer 
(Schiff et ai. 1983. 1987, Harris et al 1990. and Slernr « a). 198b) 

NO and NO, using an in house fabricated, high sensitivity chemiluminescent NO analyze* similar 
to thai used by Misanchuk et al. (1987). This was equipped with a gold converter for NO, measurements 
(Fahey et al. 1986). 

Ozone using a commercial UV absorption ozone analyzer (Dssihi Model 1003-AH). 

PAN by GC'ECD as described by Blanchard et al. (1990). 

NO. and NO, using two modified commercial luminol NO : analysers (Unisearch/Scintrex LMA-3) 
to measure NO, directly and NO, (NO + NO,) by use of a CrO, convener (Drummond et al. 1990). 

Solar radiation using a U.V. radiometer (Eppley Labs 280-320nm). 

Basic meterological parameters using a commercial meteorological system (MelOne) for wind 
speed, wind direction, temperature and humidity. 

Boundary layer heights up to 500 meters were obtained by Ontario Hydro using an acoustic 
sounder. 

RESULTS 

We have selected three periods for consideration in this paper. These were selected on the basis 
of the maximum daily ozone concentrations to allow us to examine what we believe to be differing 
chemical environments. The first period was a summer period of relatively low ozone, July 22-25 1989. 
The second was a similar period hul in (he "early" spring, April 2-5 1990. The third was a period of 
much higher ozone from later in the spring, April 25-28 1990. We have deliberately chosen these 
periods to focus our interest on processes occurring outside the notable regional ozone episodes described 
in previous Technology Transfer Conference proceedings. 
Ozone 

The ozone dala from the three periods are presented in Fig la-c. The diurnal variations in la 
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and 1c are due to the presence of strong nocturnal inversions as has been discussed in Hastie el a! 
(1991), and will not be examined in further detail here. Of importance are the daytime concentrations 
as they are typical of the boundary layer concentrations. For the summer period, the daytime maxima 
were generally below 50 ppbv suggesting only moderate photochemical activity. Previous measurements, 
at this site, have shown ozone maxima in excess of 100 ppbv are common under regional scale ozone 
episodes. The early spring period shows an almost constant concentration of 40-45 ppbv which is 
currently believed to be typical of clean conditions The period at the end of April showed daily maxima 
above 70 ppbv suggesting the existence ot a major ozone source. It is important to note that for all three 
periods mere was little diurnal variation outside that driven by the nocturnal inversion. In particular, 
there is little indication of an early afternoon ozone concentration maximum as would be expected in the 
presence of substantial local photochemical activity; thus we appear to be dealing with air masses lacking 
strong photochemical oxidant production 
Hydrogen Peroxide 

The hydrogen peroxide data for these three periods are shown in Fig 2a-c. The most obvious 
feature is the absence of any hydrogen peroxide in the early part ol April (Fig 2h), The diode laser 
instrument was working well with a detection limit below 250 pptv but no hydrogen peroxide was 
observed. In contrait. concentrations approaching 1 ppbv were observed later in the month (Fig 2c) and 
concentrations over 2 ppbv were observed in the summer (Fig 2a). 
Formaldehyde 

The formaldehyde behaved in a similar fashion to hydrogen peroxide. The early spring data (Fig 
3b) show a low concentration scattered around Ihe detection limit of 500 pptv. The data from later in 
the month were generally above I ppbv in the daytime with excursions up to 2 5 ppbv The summer data 
shim a good deal of scalier but average around 3 ppbv 

nut 

The PAN in early April was amongst the lowest measured at this site, and Ihe extended period 
of concentrations below 175 ppiv was less than the 5 year mean value tor April as reported hy Shepson 
and So (1991). The data from later in the month showed daytime maxima up to 500 pptv hut the summer 
data were consistently lower, never exceeding 200pptv, 
DISCUSSION 

Consideration of all these data lead to a picture of the relative reactivity of the air masses. 

For the early April data, the almost constant ozone concentration would normally be construed 
m meaning little photochemical oxidation. The low formaldehyde and PAN concentrations and (he lack 
of a discernible diurnal variations support this interpretation, as any photochemically driven hydrocarbon 
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oxidation would yield formaldehyde and iikely PAN. The hydrogen peroxide concentrations appear to 
further support this conclusion. Hydrogen peroxide has been shown in he removed at humidities above 
70% (Hastie ei al 1991) so the data for the first part of this peiod is not conclusive. However, the lack 
of a hydrogen peroxide response to the rapid drop in relative humidity on April 5 points to the lack of 
photochemical production as a likely explanation for the low concentrations , Thus, there is multiple 
species evidence for a lack of photochemical activity in this early pan of April. 

The ozone data for the summer period again shows little evidence for net photochemical 
production. However, the more reactive species point towards at least some photochemical activity. The 
hydrogen peroxide, PAN and formaldehyde data are all at elevated levels compared to the early spring 
data and give some indication of an afternoon maximum, particularly on July 24. 

The later spring data presents somewhat more of a puzzle. The ozone levels are the highest of 
the three periods. The low hydrogen peroxide and formaldehyde concentrations, compared to the 
summer, and the lack of an afternoon maximum in ozone show there is less local photochemical ozone 
production than in the summer. However the hydrogen peroxide goes through a clear daytime maximum, 
and there is a rapid morning decay in formaldehyde suggesting an appreciable radical concentration. The 
back trajectories for this period originate in the source regions of the U.S. and pass over Southern 
Ontario so we are likely seeing an aged polluted air mass. Thus the low reactive species concentrations 
could indicate a small amount of local photochemical activity and the high ozone could simply be due to 
transport of the high concentrations generated in the source regions. The situation is complicated by the 
observations of Hoff (private communication 1991) thai, during this period, there were intrusions of 
stratospheric air that brought high ozone concentrations close to the surface at Egbert, some 100 km from 
Dorset. We do not have the ability to track such events hut would expect thai if we were seeing the 
influence of a stratospheric intrusion then the higher ozone concentrations would be observed along with 
dryer air. Figure 5 is a plot of ozone against relative humidity for the entire 6 week measurement period. 
The daytime data from this period. April 25-28 is plotted as the filled squares and they cluster at high 
ozone and low relative humidity supporting the stratospheric influence. Clearly this is a very complex 
situation and we are currently attempting to better understand the situation through the application of a 
photochemical model . 
CONCLUSIONS 

We examined the concentrations of a number of trace gases at Dorset, during three 4-day periods 
of the EMEFS study. These periods were selected to be outside the major oxidant episodes to give further 
information on the chemistry occurring at this site. The summer period showed relatively low ozone 
concentrations, for the time of year, but the appreciable hydrogen peroxide and formaldehyde 



concentrations pointed towards sume photochemical activity. In the early part of the spring the daytime 
ozone concentrations were similar to those in the summer but the hydrogen peroxide, formaldehyde and 
PAN concentrations suggest almost no photochemical activity. The late spring period had very high 
ozone concentrations, compared to the other periods, but the other species concentrations point to a very 
low level of photochemical activity. This could be due to the age of the airmass hut may also be 
influenced by the intrusion of stratospheric air. 
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Figure 1. Ozone (squares) and Relative Humidity (triangles) fur Die 
periods (a) July 22-25 1989. (b) April 2-5 1990, and (c) April 25-28 
1990. 
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Figure 2 . Hydrogen Peroxide (circles) and Relative Humidity (triangles) 
for the pttMs (a) July 22-25 1989, (b) April 2-5 and (c) April 25-28 
1990. 
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Figure 3. Formaldehyde lopen ujuares) and Ozone (filled squares) for 
the periods (a) July 22-25 1989, (b) April 2-5 1990, and (c) April 25-28 
1990. 
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Figure 4. PAN (triangles') and Ozone (squares) for the periods (a) July 
22-25 1989, (b) April 2-5 1990, ami (c) April 25-28 1990. 




Relative Hurtdtty//. 



Figure 5 Daytime Ozone as a function of Relative Humidity for the 
period March 15 to April 30 1990. The data from April 25 to 28 are 
indicated by the tilled squares, the remaining days by the open squares. 



THE DEVELOPMENT OF A LONG RANGE TRANSPORT MODEL 
WITH A NESTED PINE RESOLUTION GRID 

by 

M. Niewiadomski, The MEP Company, Markham, Ontario L3R 9T2 

1. INTRODUCTION 

Two existing numerical models, GESIMA, a mesoscale, non- 
hydrostatic meteorological model developed at the GKSS 
Forschungszentrum in Geesthacht, Germany and the long range 
transport Acid Deposition and Oxidant Model (ADOM) have been 
enhanced, adapted and interfaced to obtain a nested modelling 
system for the simulation of the transport, chemical 
transformation and deposition of a wide range of atmospheric 
pollutants . 

The system described here is best suited to simulate the 
distribution of pollutants with a horizontal resolution of 5 to 
20 km. A test run of the system for the Toronto area was carried 
out in a domain of 340 x 340 km with horizontal resolution of 20 
km, A new series of simulations, with the same resolution, is 
currently being performed in a domain of 700 x 500 km covering 
most of Southern Ontario. 

The resolution and the size of the domain place this system 
in the mesoscale, i.e. between the urban scale air quality models 
and the large scale models of long range transport of atmospheric 
pollutants (LRTAP) . A mesoscale modelling capability is 
necessary to address the urban KOx/VOC issue if an understanding 
and eventual controlling of the precursor emissions is to be 
achieved. This approach is also required and to quantify the 
subgrid scale variability of pollutant concentrations simulated 
by the LRTAP models . 

The modelling system developed in this study involves the 
interrelation of three main parts: the large scale ADOM, GESIMA, 
and the mesoscale version of ADOM. The programs interfacing 
these three parts are also an important part of the system. The 
interactions between these system components are schematically 
represented in Figure 1 . 

The original large scale version of ADOM uses meteorological 
fields generated by the Canadian Meteorological Centre (CMC) 
spectral diagnostic model. The mesoscale ADOM requires 
three-dimensional fields of meteorological parameters like 
horizontal and vertical wind velocity, temperature, humidity, 
turbulent diffusion parameters etc., with much finer horizontal 
resolution. Such fields are provided in this project by GESIMA. 
The role of the large scale ADOM, is to provide the initial and 
boundary conditions for the mesoscale simulations. 



For a brief description of the main features of the system 
components, see Niewiadomski (1990). More details can be found 
in the original papers on ADOH {Scire et al . , 1986; Venkatram et 
al., 1988) and GESIMA (Xapitza, 1987; Kapitza and Eppel, 1987; 
Jacob et al . , 1990 and Mengelkamp, 1991). 

2. THE NESTING SCHEME 

For simulations periods longer than, say, one day, a 
mesoscale model must receive information of the development of 
the modelled fields outside its domain. This is achieved by 
"nesting" the mesoscale model inside an outer model operating in 
a much larger domain but with a more coarse resolution. In the 
system described here the outer model for GESIMA is the CMC 
diagnostic model, which also provides the meteorological fields 
for the large scale ADOK, The mesoscale ADOM is nested in the 
large scale version operating on the same grid as the CMC model. 

In this system the mesoscale domain covers a specified 
number of cells of the large scale grid. The large scale data 
from these cells, and those adjacent to the mesoscale domain, can 
be interpolated in space and, if necessary, in time and then 
passed to the mesoscale model. 

The mesoscale ADOM receives information from the outer model 
through time dependent boundary conditions. Similar time 
dependent boundary conditions are used for some parameters in 
GESIMA, but for the main fields (wind, temperature and humidity) 
a technique of the Newtonian relaxation or "nudging" is used. 

The concept of nudging (Hoke and Anthes, 1976; Stauffer and 
Seaman, 1990; Seaman and Cole, 1991) involves the introduction of 
additional, artificial tendency terms to the prognostic 
equations, which force the solution of the mesoscale model toward 
the observed, or modelled, large scale conditions. This approach 
is used to combine the fine scale variability with the large 
Bcale tendencies which cannot be simulated by the mesoscale model 
Itself, and seems to be more efficient and reasonable than 
introducing those tendencies by means of the time dependent 
boundary conditions alone. 

These artificial tendencies - the nudging terms, applied at 
each time step, are proportional to the difference between the 
values of large scale field at given grid point (interpolated 
from the results of the outer model) and the actual solution of 
the mesoscale model. The coefficient of proportionality - the 
nudging coefficient, can be a function of height and has values 
of the order of 0.0001/sec. 



Note that the described above nesting scheme represents so 
called one-way nesting, i.e. the results of the mesoscale 
simulations do not influence the large scale models. This allows 
all components of the system to be run separately and to simulate 
several emission/pollution scenarios using the same 
meteorological fields. 

3. SIMULATION OF THE HIGH OZONE EPISODE (August 1-4, 198B) 

This section gives the details of a test run of the system. 
The episode for this study, August 1-4, 1988 was chosen because 
of the high ozone concentrations observed at that time In 
Southern Ontario, and the availability of the results of the 
large scale ADOM simulation and the observational data. 

Some results of this simulation concerning the time 
evolution of the ozone concentrations in Toronto and its areal 
distribution in the whole domain are presented and discussed in 
Section 4. 

The large scale ADOM is routinely run on a 33 x 33 grid 
based on a polar stereographic projection with nominal horiiontal 
resolution of 12? km (true at 60- N) . That domain covers most of 
eastern North America. The same grid is used in the CMC spectal 
model . 

In this simulation, the 'nested' grid of GESIMA and 
mesoscale ADOM covers 9 cells of the large grid, including the 
Toronto cell and the B cells around it. Thus, the mesoscale 
domain extends over an area of about 120,000 tan 1 with 
Metropolitan Toronto area located about 25 km south of its 
centre. The domain is divided into 17 x 17 mesoscale cells 
resulting in a horizontal resolution of about 20 tan. 

The baBic vertical structure of the large scale ADOM, with 
12 variable depth layers has been retained for the mesoscale 
version of the model. The same structure was adopted for the 
GESIMA simulations. The tops of the ADOM layers are located at 
56.2, 135.8, 250.7, 416.3, 655.3, 1000.0, 1497.2, 2214.5, 3249.2, 
4741.6, 6894.5, and 10000.0 metres above the ground level. The 
vertical resolution of the upper layers of ADOM is too coarse for 
GESIMA, and therefore the 4 top layers of ADOM were split into 
two layers. In effect, 16 rather than 12 vertical layers are used 
in GESIMA. The GESIMA/ADOM interface averages the data from those 
split layers before using them in appropriate layers of ADOM. 



GESIMA was run for a period of 96 hours starting on 
August 1, 1988 at 00:00 GMT (July 31, 20:00 EOT) and a time step 
of 45 sec was used throughout this period. 

The large scale ADOM was not run under this project. The 
output files, from a previous simulation for the same period were 
used. These files together with the output of GESIMA, were 
processed by the interfacing programs and provided the input data 
for the mesoscale ADOM simulations. 

Since the mesoscale ADOM requires GESIMA output data, the 
ADOM run started one hour later then that of GESIMA, at 01:00 
GMT, on August 1, 1988 and continued for 95 hours. 



4 . RESULTS 

The time evolution of the ozone concentration in the Toronto 
cell of the mesoscale model is compared with observations in 
Figure 2. 

The times of maximum and minimum modelled concentrations 
coincide with those observed at the surface in Toronto (except 
for a secondary peak in observed concentrations during the early 
morning of Aug 4 which is not reflected in the model results). 

The values of the modelled ozone concentrations are also in 
fairly good agreement with the observed ones, although the model 
does not predict the highest measured concentrations (e.g. 112 
ppb observed in Toronto on Aug. 2 at 14:00 EDT versus 68 ppb 
modelled) . These discrepancies can be partly attributed to a 
significant area and depth represented by an ADOM cell, compared 
to the point measurements. Comparisons made for several other 
locations with available surface measurements of ozone 
concentrations yielded similar results. 

Examples of the areal distribution of ozone and nitrogen 
oxides are shown in Figure 3. While the NO« distribution is 
dominated by strong area and point source emissions in the 
Toronto area and the ozone is distributed more evenly, both 
fields display a pronounced horizontal variability impossible to 
Bimulate with a large scale - coarse resolution models. 



5 . CONCLUSIONS 

A mesoscale modelling system for transport, chemical 
transformation and deposition of atmospheric pollutants has been 
designed, programmed and tested in one case study over Southern 
Ontario. 

The system is capable of simulating the distribution of 
various air pollutants with a spatial resolution of 20 tan or 
less. It can detect local effects in this scale that are 
impossible to simulate with large scale models like the original 
version of ADOM. 

A preliminary analysis of the simulation of the early August 
1988 high ozone episode over Southern Ontario, showed reasonably 
good agreement of the model results with observations . 

A case study of the same episode using a slightly modified 
model, over a large domain covering most of Southern Ontario is 
currently underway. 
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1 INTRODUCTION 

The concentration of a contaminant at a fixed point in a plume in the atmosphere is highly 
variable, with a mean deviation comparable to the time average, and peaks reaching a (actor 
of five or more times the average. A typical time trace of concentration is shown In Figure 1 . 
Here, c is instantaneous concentration, c is a time average over period T, c' is the 
instantaneous deviation from the average. The plume can be highly intermittent, I.e.. 
concentration may drop to zero for short lime periods during the total period T. An 
intermittency factor (y) is typically used lor describing the fraction of time non-zero 
concentration are present at the measurement point. 

A knowledge of the magnitude and frequency of the peaks is essential from a regulatory point 
of view if avoidance ol significant occurrence of nuisance odours is desired. The same type 
of information is also required for emergency planning purposes for releases of toxic gases. 

To predict probability of peak exposures, a modelling system Is required to estimate the 
magnitude and frequency of concentration fluctuations under a variety of meteorological 
conditions and tor different source types. 

MODEL 

A modelling system for concentration fluctuations consists of three (3) basic components: 

1) a module to estimate time-averaged concentrations at receptor points ot Interest, 

2) a module to estimate plume intermittency and time-averaged concentration 
fluctuation intensity at that receptor. 

3) a model to estimate the shape of the frequency distribution ot fluctuations that 
make up the time-averaged fluctuation intensity. 

In the model presently under development, the first module consists of a computer model 
developed by Concord based on the OME Clean Air Program (CAP) GAS mode! to predict 
one hour average concentrations. The second module consists of an empirical Gaussian 
model to provide plume intermittency (y) and time-averaged intensity (l ! - c ' ! / ff 1 ). The 
intermittency and intensity are used in the third module which estimates the magnitude and 
frequency of concentration fluctuation using a log-normal distribution. 



The OME GAS model is described in detail in OME (1990) and will not be addressed here 
further. 

2 CONCENTRATION FLUCTUATION MODEL DEVELOPMENT 

Concentration fluctuations are a result ot two physically distinct atmospheric processes. The 
first is related to small scale turbulent mixing and the second to large scale atmospheric 
motions. The two processes can be superimposed onto each other to describe the 
atmospheric process of dispersion. 

Small scale mixing occurs within a marked volume of fluid or plume. Parcels of fluid from 
various origins (contaminated and clean air) intermingle with each other to generate 
fluctuations in concentration at points relative to the centre of mass or centreline of the plume, 
These fluctuations are analogous to turbulent velocity or temperature fluctuations at a fixed 
location In an Eulerian frame of reference and are generally termed "in-plume" fluctuations. 

The second process reflects the concentrations at a position which is fixed relative to the 
source. Here, fluctuations occur due to varying relative distance between piume-centerline 
and the fixed position. The plume is physically moved by the large scale motions of the 
atmosphere, commonly known as "meandering". Generally, the plume meandering 
component dominates the fluctuations from small sources at travel times less than one 
Lagrangian time scale (t < T L ) and the In-plume component dominates from broad sources 
at all limes or from small sources at large travel times (t » TJ. 

The occurrence and distribution of zero concentrations al a receptor is determined by the 
large eddies while statistics of non-zero concentrations are determined by smaller eddies. 
While this connection Is obviously not precise, it suggests that there might be more order in 
conditionally sampled statistics for which zero concentrations are ignored (roughly speaking, 
'In-plume' statistics). Conversely, the Intermittency should reflect variations due to the large- 
scale Inhomogeneous features of the concentration field. 

As the plume meanders, it will pass over a fixecLceceptor for only a traction, y, of the time, 
It is not the mean concentration c or Its variance c ' ' that is important in determining the peak 
concentration but rather the mean c_ and variance that el » occurs when the plume is 
present over the receptor. These are called the "conditionally averaged", or "in-plume". mean 
and variance. Most plume dispersion models predict the unconditional mean c and not the 
conditional value Cp. Fortunately, there is a relationship between unconditional and 
conditional statistics. 

Defining P(c) as the probability that the concentration c(t) exceeds c and noting that a fraction, 
1 -v. of the time, the concentration at a receptor is zero, the cumulative distribution functions 
are coupled via, 



- 1 ; c<0 

Further, the probability density function Is p(c) ■ - dP(c)/ctc, so 

P«J - Yp,« * (1 -T)6(C»(C*:0) [2] 

- (c < 0) 

where the Dirac function Is the result of the discontinuity In p(c) at the origin. The n-lh 
concentration moment is defined as 



c" - [' c"p[c)dc 

J S 



and the unconditional and conditional n-lh moments are related via, 

C~° - T <. 

Then the first central moments or means are coupled via 

c - *«£. 
Defining fluctuating components as. 

& - C - C CiO, 

c'„ - C - Cp c > . 

and It can be shown that the variances and intensities are related via. 



v 



[4] 



n 
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where; 



t * 1 [7b] 
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A concentration fluctuation model tnen consists of specification of at least two of i, i„ and y 
to close the equation set for time- averaged first and second moments of the concentration 
distribution. Furthermore, to estimate the fraction of time that concentration peaks could 
present a problem, specification of the shape of the concentration probability limits function 
Is required. 

2.1 MODEL FOR TIME-AVERAGED CONCENTRATION INTENSITY AND 

INTERMITTENCY 

The Gaussian formula forms the basis oi the Empirical Gaussioan Model (EGM) developed 
by Wilson e! al. (1982a, b) and Wilson (1982, 1966} to simulate concentration fluctuations 
from a continuous source. The model ideally is suited for in-plume fluctuations but does not 
directly deal with meandering, 

The initial model proposed by Wilson et al. included a pair of point sources above and on 
either side of the plume axis which served as variance sources. This was done to account 
tor the off-axis maximum in total variance production. Subsequently, Wilson and Simms 
(1985) revised this assumption to Include a single variance point source above the plume 
axis. The following assumptions form the basis of the model: 

1. The distribution of c 7 "' in the cross-wind and vertical is a result of diffusion alone 
(using trie same diffuslvity as per the mean concentration E). 

2. Crosswind and vertical profiles of the variance are self- similar and only a function 
of the downwind distance. 

3. The variance originates from a point source above the plume centerline where 
most of c ' ■' is observed to be produced due to the strong c gradients. 

4. Surface dissipation of c~^ Is approximated by an image sink with a strength equal 
to a fraction of Ihe variance source. 

5. The variance flux Is not a conserved quantity like mass and decays with downwind 
distance due to dissipation by molecular diffusion. This "along-wind" dissipation 
is simulated from a balance between local adveciion and dissipation. 



The Gaussian plume equation lor c " ! is then 
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where q is the variance source strength, a is the sink strength parameter and t\, is the 
variance source height given as 



(#•" 



[10] 



where h is the height of the plume centertine and o is a constant. 

Wilson et al. (1982b) argue that the upward displacement of the variance source term, above 
the release height, is reasonable because the zone of maximum c •' production will drift 
upward as surface reflection flattens the mean concentration profile and reduces 3E/3z near 
the ground. 

The variance source strength (q) was developed Irom the conservation equation and wind- 
tunnel observations showing advectlon in balance with dissipation. Wilson etal. (1982b) show 
that the ratio of q to Q (mass emission rate) has a functional form 
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where C,, C 2 , C 3 . and C 4 . are constants, d is ttis source diameter, H is the mixing layer depth 
and I-y, is the average turbulent length scale telt by the plume. 

The above formulation is reasonable since fluctuation levels are, intuitively, strongly 
dependent on the source size (laterally and vertically) and turbulent scale near the source and 
weakly dependent on source size further downwind. 

The constants (u, $, C., C,, C, and C 4 ) were derived by Wilson via systematic to curve titling 
wind tunnel to data of Fackrelf and Robins (1982a, b). 

Wilson (1986} has further specified a similar equation set for L, enabling us to complete the 
description of time-averaged first and second moments of the concentration distribution in the 
atmosphere for pollutants released from arbitrary sources. 

2.2 MODEL FOB FREQUENCY DISTRIBUTION OF FLUCTUATIONS 

The conditional and unconditional statistics are coupled via the intermittency factor but an 
appropriate probability density function (pdf) is required to determine Ihe probablity of 
occurance of peak concentrations. A number of pdf's have been proposed and applied 
including the exponential, log-normal and clipped-normal, 

The distinctly different shapes of the pdf's for log-normal, exponential are shown schematically 
in Figure 2. The exponential function is physically realistic only for highly intermittent plumes 
which have a conditional fluctuation intensity of unity. While a tog-normal has the capability 
of dealing with fluctuation intensities different from unity (non-intermittent), it has the physically 
unrealistic property that the probability of observing a concentration only slightly greater than 
zero, is very small, while at the same time there is a large probability of observing zero) 
concentration, when intermittency removes the plume from the receptor. In highly intermittent 
plumes where there is a significant probability of zero concentration, the exponential model 
realistically predicts a smooth monotonicaliy increasing probability of observing small 
concentrations. 

The log-normal distribution seems appropriate with the above equation set because the EGM 
is an in-plume fluctuation model which has been expanded to predict L and y. It should be 
noted that the exponential distribution does not require the prediction of Ij, since yis a residual 
of the distribution. 



3 EVALUATION OF GAS EGM PREDICTIONS WITH FIELD DATA 

The results of the GAS/EG M model are compared with the SF 6 stationary field measurements 
taken during 1989 (ERCB, 1990). The field tests were categorized under tour atmospheric 
release scenarios, i.e. 

I) Neutral stability surface release 

il) Stable stability surface release 

III) Neutral stability elevated release 

iv) Stable stability elevated release 

There was Insufficient QA/QC'd data for the fourth data set but there is good quality data for 
the others. 

The primary objective of these comparisons, is to evaluate the performance of the EGM 
module when coupled with the OME Clean Air Program GAS model. The GAS model 
calculates mixing height, plume rise, dispersion coefficients and mean concentrations. The 
EGM module calculated i. i and y as well as the percentile values via the log-normal 
dlstnbution. 

The performance of the above is evaluated via standard statistical and graphical procedures. 
Considerable effort has been made to determine the appropriate performance measures for 
dispersion models (Hanna, 1988). A wide variety of indices have been suggested since it is 
difficult to arrive at a single quantitative index of accuracy. 

Table 1 presents the typical source characteristics used In the model. Measured emission 
rates for each case was used in predicting the downwind concentration. The exit temperature 
was taken as the ambient air temperature resulting in momentum generated plume rise. 

The EGM parameters (i, L and y) as well as the log-normal distribution and the exponential 
distributions are compared against measured values. 

In many cases, the SF 6 samplers were located well off the average wind vector direction 
which defines the centreline of the plume. This was primarily due to the wind changing 
direction during the measurement period. A significant portion of the data were taken at 
yi3o y where c^ is predicted via the GAS model. 

To provide a fair model evaluation data set, only measurement taken within ± 2.2 o y were 
considered. This significantly reduced the number of available cases for evaluation. Table 
2 presents a summary of the final valid data set used in the evaluation. 

Table 3 summarizes the statistical performance measures for unconditional intensity (I), 
conditional intensity (U and intermlttency (y) for the four scenarios. Insufficient data were 
available for assessing siabie/elevated releases. 

The following discussion is limited to surface releases under stable atmospheric conditions 
under which a majority of the data was acquired 



3.1 UNCONDITIONAL INTENSITY 

Unconditional intensity is calculated via the EGM module as described earlier. The EGM 
significantly overpredicts and has virtual zero index of agreement (I), for all cases. 

The relative bias as a function of y/o is presented in Figure 3. There is a significant trend 
with respect to crosswind distances. As discussed earlier, the unconditional intensity is 
unstable at the fringes (i.e.. y > 2o y ). This is very apparent from the figures where the 
predicted intensity is almost 3 orders of magnitude greater than the observed. The relative 
bias is significantly reduced at y < 1 .5a for all cases which should be. therefore, the limit of 
applicability. 

3.2 CONDITIONAL INTENSITY 

In-plume or conditional intensity as predicted via the EGM is presented. The model seems 
to provide adequate representation of the conditional intensity. The conditional intensity is 
slightly overprsdlcted for stable conditions. 

The errors as a function of y/o" are shown in Figure 4. ThB errors generally range between - 
0.75 to +0.25 for all scenarios, with the largest errors occurring for y > t.4 a y . The small 
deviations are due to i p not being a function of y/cy 

3.3 INTERMITTENCY 

There is significant scatter in the intermittency data shown little correlation. The error seem 
to be divided evenly between systematic and unsystematic for surface release scenarios but 
the error is mostly unsystematic for the elevated release (Table 3). In all scenarios 
considered, y is urtderpredicted by approximately 50%. 

The model tends to overpredict y near the centreline and significantly uiKJerpredlcts y Is the 
fringes are approached (Figure 5). This trend is expected since yolli . 

3.4 EVALUATION OF LOG-NORMAL AND EXPONENTIAL DISTRIBUTIONS 

An evaluation of the log-normal and exponential distributions is presented. The log-normal 
is recommended by Wilson for the EGM. The evaluation compares the CDF's of both 
distributions against observed values. The predicted distributions use measured values of L, 
yand the percentile to generate normalized concentrations which are compared to normalized 
(i.e., normalized by the measured mean) observed values. 

The above comparison can be made independent of the EGM since the distribution of 
concentrations are Invariant to crosswind location and EGM results. The CDF's are effectively 
isolated from previous calculations. 

Table 4 summarizes the results of the statistical analysis. The exponential model is better 
performer for all scenarios. 

The primary objective of the concentration fluctuation model Is to calculate peak 
concentrations, thus the errors associated with percentile levels becomes significant. 

Figure 6 presents the relative error (P-O/O) as a function of percentile, for percentiles greater 
than 75%-ile. The log-normal model, underpredicts concentrations for percentiles greater than 



85%-ile by less than a factor of 2. The exponential model tends to overpredlct at the higher 
end and underpredlct at lower percentiles. The curves are similar for both models. 

4 SUMMARY 

The EGM is a poor predictor ot 1 for crosswind distances greater than 1 ,2 a u These poor 
predictions lead to poor predictions of y as weil. The model provides good estimates of L but 
generally underpredicts l p . The largest errors are associated with I. 

The tog-normal distribution was not an adequate model lor predicting peak concentrations. 
It tended to urtderpredict concentrations at higher percentiles. The exponential distribution 
provided the best estimate of the probability distribution. The exponential model is most 
applicable to highly intermittent plumes and a review ol the conditional intensity shows that 
ip Is very close to unity and y is approximately 0.5. 

The applicability of the exponential model will likely be a function of atmospheric length scale. 
source diameter and elevation, 
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Introduction 

The frequent occurrence of excessive ozone concentrations remains one of the more 
contentious Canadian atmospheric problems, particularly in the Province of Ontario. 
International, national and provincial decisions on control strategies Tor oxidant precursors are at 
present in various stages of formulation. For instance, the Federal/Provincial LRTRAP (Long 
Range Transport of Air Pollutants) Committee is developing a management plan for dealing 
with Canada's Oj problem and meeting Canada's international obligations under the NOi/VOC 
protocol 1 1). However, as documented in a workshop report of the ClRAC-sponsored Canadian 
Oxidant Research Program (CORP), there remain numerous outstanding scientific issues 
concerning the relative importance of anthropogenic and natural VOC emissions and NOx vs 
VOC in controlling the formation of Oi and other oxidants in urban and rural air |2], 

Analysis of Canadian and U.S. data obtained to date, e.g. the Eulerian Model Evaluation 
Field Study (EMEFS 88), indicates the important role of natural VOC. particularly isoprene, in 
the atmospheric chemistry of forested rural areas [3-6}. Clearly, ambient distributions of 
individual hydrocarbon species are affected by a large number of complex factors, e.g. emission 
source distribution and strength, transport, and chemical transformation, which should be all 
treated properly in oxidant modelling. In this respect, it is particularly important to take into 
account the vast differences in their atmospheric lifetimes as well as abundance [7-9]. The 
present project is aimed at obtaining a more comprehensive database for natural and 
anthropogenic VOC both on a climato logical and espisodic basis, as pan of the CORP activities. 
For comparative purposes, distributions as well as absolute concentrations of various 
hydrocarbons (HC) in the C2 to C10 range are being characterized at urban (York U. and 
downtown Toronto), rural (Dorset. Egbert, and Hastings) and remote (Fraserdale) sites in 



Ontario. This paper highlights some of She key findings ftom the data obtained thus far at 
these sices. 

METHODOLOGY DEVELOPMENT AND TESTING FOH HC MEASUREMENTS 

The presently employed gas chromatography (GC)-based analysis of ambient HC 
involves several sample handling steps, i.e. (I) vacuum cleaning or stainless sieel sampling 
canisters at 80-100 =C ; (2) air sample collection and storage in canisters at ca. 30 psi; (3) 
cryogenic (liq. Ar) sample preconcentration on glass beads; (4) cryogenic (liq. Nj) sample 
focusing onto the GC column head; and (5) GC separation and signal detection by flame 
ionization detector (FID). Although all the gas-handling system components are operational for 
routine analysis of air samples, they are continually being tested and improved to achieve an 
optimum performance. Some of the recent improvements include; 

Step (1); A high vacuum compatible humidifier to treat the canisters with water vapor 
following the initial dry cleaning has been installed to passivate the canister wall surfaces. This 
canisler-humidification procedure has been found crucial for maintaining the storage stability of 
standard reference hydrocarbon mixtures prepared in-house at ppb level. 

Step (2): Sample stability during storage in canisters has been tested extensively using 
ambient air samples collected at several urban and rural sites. Generally speaking, while alkane 
and alkyne hydrocarbons were found to be stable over a period of a month, alkenes in some 
canisters exhibited significant increase followed by subsequent loss. These canisters which 
misbehaved have been identified as those used previously to collect highly polluted air. Thus, it 
is conceivable that their interior wall surfaces may have been contaminated by heavy 
hydrocarbons which could not be removed by vacuum cleaning. The observed increase in 
alkene concentrations may be attributable to surface catalysed reactions (hydrolysis) of these 
Contaminants. However, similar storage test for several Canisters containing Toronto air has not 
so far exhibited any discernible gain or loss. Thus, the fractional increase in alkene 
concentrations during storage in contaminated canisters is expected to be more pronounced for 
relatively clean air samples. Thus, it was decided to dedicate some canisters for sampling 
relatively clean background air only. 

Seep (3); Humidity in the air samples collected in canisters must be removed in order to 
prevent GC column plugging and FID flame-out. Also, one of the columns in use, i.e. 
AljOj/KCl PLOT, is highly sensitive to the presence of water in terms of stability of retention 
times of individual HC. The Nafion dryer has been found to be less than ideal because it traps 
heavier HCs as well as water. It also suffers from blank problems and causes isomeriiation of 
some olefins [10]. The most effective water trap found to date is a Teflon tubing (ca. 15 cm 
operated at canister pressure) cooled by dry ice. Stainless steel tubing was found to trap heavier 



HC <>Cs) at a comparable temperature. These tests were conducted with standard HC mixtures 
prepared in-house at I- 10 ppbV level which represents typical concentrations in ambient air, 
and with ambient air samples collected in Toronto. 

Step (4) An efficient coolant (Liq. Ml! handling system for the cryofocusing unit has 
been designed and constructed to prevent an excessive coolant consumption. The system has 
been functioning satisfactorily for over two years. 

Step (5): Two different columns and dedicated GC instruments are currently being 
employed for the separate analysis of light and heavy HC, since a complete analysis of all the 
C2-C10 HC using only a single column is difficult to accomplish. A narrow bore capillary 
column operated down to -50 °C has been performing well for the Cj-Cio range, but it 
consumes excessive amounts of Coolant and is 100 expensive for us to operate on a routine basis. 
A relatively new type of column (AliOj/KCI) operated at >3Q °C for C2-C6 has been working 
reproducibly for over two years without severe column deteriorations presumably encountered 
by some groups. We have been also employing a wide-bore capillary column (SPDI-DEI; 90 m 
long) operated at above ambient temperatures without any water trap. This column has been 
performing satisfactorily for the analysis of the majority of Cj-Cto, including aromatics and 
mono-terpenes. 

RESULTS OF THE DATA ANALYSIS 

Grab samples have been collected at seven sites, representing urban (Toronto), rural 
(Dorset, Egbert, Hastings) and remote (Fraserdale) environments. The three sites in Toronto are 
York University campus on top of a four storey building. Queen's Park, and the CN tower at 
ground, 330 m and 440 m levels. Dorset is situated in a valley surrounded by trees, whereas 
Egbert and Hastings sites are on a hill top near the centre of a clearing. Fraserdale is in a 
boreal forest. More than twenty C2-C1Q HC species have been Quantitatively identified for air 
samples collected at all sites. 

To illustrate the overall features of the spatial distribution of HC, site-to-site 
comparison of median values of representative species during the summer months is shown in 8 
logarithmic scale in Figure I. In this figure, the data from Fraserdale (alkane and alkene only, 
1990-91). Dorset (88) , Egbert (8!), and York U. (91) are selected because of the availability of 
sufficiently large data sets for statistical analysis. It can be noted that for the alkanes and 
aromatics, the concentration in urban air are generally a factor of 10 higher than those of the 
remote site at Fraserdale. As to be expected, the concentrations for the rural sites (Dorset and 
Egbert) are seen to be intermediate between urban and remote sites. The biogenic HC, 
isoprene, was the most abundant HC species at [he two forested sites (Fraserdale and Dorset), 
and Is also prominent at the other two sites shown in this figure. For the purpose of 



comparing atmospheric reactivity of various HC species, the HO oxidation rates (kHo[HC]i at 
298 K) ate calculated from these median concentrations, as shown in Figure 2. isoprene is 
seen to be the most dominant HC governing the local atmospheric chemistry at the remote and 
rural sites and is also a significant contributor at the York U site. Another notable feature in 
Figure I is the marked changes in the alkane distributions from site to site. Namely, in a 
remote site (Fraserdale) heavier and more reactive alkanes are greatly depleted probably because 
of the aging of air masses arriving at these sites as compared with those closer to urban sources 
of anthropogenic HC components. Comparisons of more detailed results on rural and urban HC 
distributions are presented below. 

RURAL DATA: As part or the 1990 Spring EMEFS, an intensive episodic study was 
conducted at Dorset during the first week-long warm spring period (April 21 - 27) with 
relatively high Oj concentrations for the purpose of examining the relative contribution of 
biogenic HC, isoprene, and anthropogenic HC to the local oxidant formation. The results are 
summarized in Table I. In this table the removal rates of Cj-C? alkanes and alkenes by HO- 
radicals. I.e. kHcJHCt. are given relative to that of n-butane. In this table the relalive oxidation 
rates of the three most dominant HC species are indicated by the shaded boxes. It can be 
noted that the dominant HC contributors are all olefinic species and thai isoprene is often the 
most dominant species. Thus, these results suggest that the biogenic HC, isoprene, is a highly 
important HC precursor of Oj not only during the summer months but also in the warm spring 
period, consistent with the '88 Summer EMEFS data which indicated a strong temperature 
dependence of ambient concentrations of isoprene at this site [5,1 II 

During the summer months of 1991, an HC measurement intercomparison study has been 
conducted at Egbert by the AES and York U groups using, respectively, a packed column for 
Cj-CS HC and the two capillary GC systems described in the preceding section A 
representative HC data thus obtained is shown in Figure i. For all the compounds detected by 
more than one GC systems, agreement is seen to be excellent. It can also be noted that the 
biogenic HC, i.e. a- and ,S-pinenes as well as isoprene, are amongst the most abundant species. 
These results are generally consistent with those obtained at this site in 1988, except that a- 
and ^-pinenes were not measured at that time [4|. 

HC concentration/time profiles and their relative concentration distributions at the 
several rural sites have been examined in detail to discern any observable trends and patterns 
indicative of source signatures and also to provide representative HC data corresponding to Oj 
episodes as an input tD the development of explicit chemical mechanism for oxidant modelling. 
Summarized in Table 2 are the values of rank correlation among various HC species from the 
Dorset (90) and Hastings (91) data using the Spearman method which is less sensitive to outliers 



than the more commonly used Pearson method. The shaded boxes contain values >0.8 which 
were arbitrarily chosen as a cut off point to indicate a high degree of correlation. The highest 
correlation coefficients are seen for Cn-Ct, alkanes at both sites. Good correlation is to be 
expected for alkanes regardless of the air mass history, since all these compounds are not only 
of anthropogenic origin but also of comparable atmospheric reactivity [7-9). Similarly, poor 
correlation among the other HC species may be taken as evidence for the wider range of sources 
and history of air masses arriving at these rural sites. 

TORONTO URBAN DATA: I: became apparent to us that reliable information on HC 
distributions in the urban piume from the Toronto area is critically needed in order to better 
understand the Ontario rural HC data described above. The most extensive urban KC data 
obtained thus far by this group are at York U. campus, i.e. >3 samples daily during May to 
August 1991. Some limited HC measurements have also been carried out in downtown Toronto 
at OME Queen"s Park air monitoring site and at the CN Tower. The CN Tower measurements 
were intended to observe the local source at the base level and also the long range transport of 
air mass originating from the south across Lake Ontario at elevated levels (330 and 450 m 
platform). These results are summarised below. 

Table 3 shows the values of rank correlation among various HC species observed at York 
U. and the CN Tower base level. The York U data used for this analysis included all 
measurements made during the May to August period irrespective of wind directions and other 
meteorological conditions. A remarkably high degree of correlation can be noted in this table 
for both sites. As shown in Figures A and 5, a very similar pattern of HC distributions 
originating from local traffic and other urban sources was observed at both sites and also at the 
Queen's Park site. Although it remains to be seen whether these HC distributions reflect 
contributions from all the major emission sources in the Toronto area, they serve as a reference 
database for developing a suitable lumping scheme of HC and their chemical reactions to be 
incorporated in urban and regional oxidant modelling. 

An illustration of striking differences observed for HC distributions as well as their 
absolute concentrations at the CN Tower base level and at a higher level (330 m) is given in 
Figure 6. These measurements were made in midafternoon with moderate breeze from the 
south over Lake Ontario. HC concentrations are seen to be generally tower by a factor of >2 at 
the 330 m level, but are markedly reduced for the highly reactive olefinic compounds such as 
l-butene (a factor of 5.5), iso-butene (8.0), 1-pentene (10), and 1,3-butadiene (12). These 
observations are indicative of the long range transport and the corresponding aging of the air 
mass aloft On the other hand, the HC distribution at the base level is simitar to those observed 



at York U and at Queen's Park {cf. Figures 4 and 5), suggesting the local traffic as the primary 
source. Another notable feature in Figure 6 is the presence of significant concentration of 
isoprene at the base level where there is not much vegetation in the immediate vicinity. 
Conceivably, the observed isoprene may be of an anthropogenic origin. There appears to be 
no relevant literature information concerning combustion-related emission or isoprene as well 
as other highly reactive olefinic compounds. Figure 7 illustrates the HO radical oxidation rates 
of various HC species corresponding to the HC distribution data shown in Figure 4. The 
predominant role of isoprene in the local photochemistry at this downtown site is apparent 
from ihts figure. 

CONCLUSION 

Hydrocarbon compositions in the C2-C10 range have been surveyed during the spring 
and summer months at one remote (FraserdaleS, three rural (Dorset, Egbert, and Hastings), and 
three Toronto urban (York U., Queen's Park, and CN Tower) sites in Ontario. Isoprene, which 
may be of both biogenic and anthropogenic origin, was frequently one of the most abundant 
species at many of these sites including the Toronto urban sites, and was primarily responsible 
for the local formation of oxidants. Winter-time data in urban sites, which would not contain 
the biogenic contribution, may thus aid in resolving this question. A high degree of similarity 
have been observed among the relative abundance of various hydrocarbons observed particularly 
among the data obtained at urban sites. These data can be used as a reference database for the 
development of a chemical module for use in urban plume modelling. In addition, the data 
from the remote (Fraserdale) site and from the elevated levels at the CN tower reveal significant 
aging of the air masses arriving at these sites. Further temporary and spatially resolved data on 
both natural and anthropogenic hydrocarbons in representative Canadian rural and urban 
settings are required for an assessment of urban and regional oxidant problem. 
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Abstr act: 

Source identification of airborne particulate matter is possible using a wide range of analytical 
techniques which can, in principle, supply the trace element and isotope distribution in specific 
particles. We have found that the kinetics of the conversion of sulphite ions to sulphate ions in 
solutions in contact with particulate matter is useful both as a means of source identification and 
as an indicator of the chemistry of a given air mass. The reactivity of the material can be 
combined with conventional analytical methods can be used in conjunction with spatial and 
temporal distribution data for source identification. 

Introduction : 

A wide range of sophisticated analytical techniques are available for the analysis of airborne 
particulate matter. In principle these yield information which should be useful in the 
identification of specific particulate sources. For instance, a given sample might be expected 
to contain a unique set of trace elements which could be further characterized according to their 
oxidation state and chemical environment (1) - (i.e. oxide or pure metal) and/or the isotope 
distribution of individual elements (2), which is often site-specific. Finally the reactivity of the 
paniculate matter as a catalyst for specific atmospheric reactions is a potentially important 
indicator of their source. Accordingly we have obtained a bulk analysis of fitter material using 
SIMS, ICP/MS, ICP/AES, XRF and SEM, in addition XPS, XRD, EM, and SAM have been 
combined with these techniques to establish the distribution and oxidation states of the various 
elements detected. These results have shown a ready distinction between material, principally 
clays, resulting from surface wind erosion and those from high temperature combustion 
dominated by iron oxides and fused alumino-silicate material. Mobile sources can be identified 
by the presence of significant amounts of amorphous carbon in conjunction with Br (3) from free 
radical scavengers in the fuel and, till recently, lead (4). Evidence suggests that the trace 
element distribution in the alumino-silicate material may be indicative of the origin of the sample 
while the nature and quantity of amorphous carbon is probably from inefficient combustion as 
in low temperature fires and poorly tuned diesel engines. Given ideal conditions credible source 
identification should be possible using complimentary results from this equipment, however, each 
instrument carries a unique set of problems. For instance SIMS is capable of detecting virtually 
at! the elements and their isotopes but is a semi-quantitative technique, XPS while supplying the 
oxidation state of each element is sensitive only to surface atoms and is plagued by problems 
associated with charging of the sample. Application of the techniques is also time consuming 
and expensive. Chemical reactivity can be measured relatively rapidly and easily by using ion 
chromatography to monitor the rate of conversion of sulfite ion to sulfate ion in solutions in 
contact with air particulates. The results can be used to select particle assemblies showing 
unusual reactivity for further analysis, thus reducing the number of samples that receive intensive 
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study and the kinetics observed may be used to indicate the most likely catalytic agents, which 
are in turn often site-specific 

Experimental : 

The air sampling was carried out by the Ontario Ministry of the Environment using high volume 
sampling (Ca 1200 Litres per minute) for a twenty-four hour period at selected sites throughout 
Ontario using a high purity quartz filters. The collection equipment was so designed that the 
particles collected had an aerodynamic diameter of 10 microns and smaller. 

The catalytic activity of the filters was measured by cutting a planchette having an area of 
5 cm 2 from the centre of the loaded filler. This was then immersed in a solution 20 ppm in 
HSOj at a pH maintained at 4.6 by an acetic acid/acetate buffer. The kinetics of the reaction: 

2HSOj + 2 - 2SC; + 2H + 
were monitored at room temperature using a Dionex DX-100 Ion Chromatograph. [SO 4] in 
solution prior to the addition of the HSOj were used as an indicator of total loading on the filter. 
X RF data was used to estimate the concentration of various elements on the filter surface while 
ICP'AES and FAAS were used to monitor the concentrations of selected ions in solution with 
special attention to Fe, both because it is abundant on the filter material and Fe 3 '*" is an 
important catalyst in the conversion of HSOj to SO 4 (5). 

Model systems were used to establish the kinetics to be expected from a series of standard 
materials which were suspected catalysts. Thus the catalytic activity of various clays, supplied 
by the Geology Department of the University of Western Ontario, metallic iron, iron oxide. 
goethite (FeO.OH) and Fe 3+ , and that of pure graphite and graphite oxidized with H 2 2 for 12 
hours were studied. 

Results and Discussion : 

Figure 1 shows the reactivities of a large number of fillers taken from different sites. The 
reactivity vanes widely between individual samples. This confirms our hypothesis that the 
chemical reactivity, measured in this way can be used to identify filter material of special 
interest for further study. Figure 2 shows the variation in the reactivity of filters versus their 
total particulate loading as measured by the total sulfate present on the filter. No correlation is 
evident. This is an importani result showing that the differences in reactivity observed between 
filters do not simply represent variable filter loading. Figure 3 shows the variation of reactivity 
with time at a single collection site. No clear pattern is evident. This is hardly surprising since 
weather conditions i.e. wind speed and direction, snow cover and precipitation will be important 
determinants of the amount and nature of the material collected. Those results show that it is 
possible to select a relatively small number of filters having high reactivity from very large set. 
The selection will not be biased toward heavily loaded filters nor will fillers from specific sites 
be used unless weather conditions are favourable. 

Carbon from various sources is often an important component in the particulate matter. Its 
catalytic effects vary widely as a function of surface area, physical form (i.e. graphite or 
amorphous carbon), and degree of oxidation. (6) In our work high purity graphite yielded a 
specific rate constant of 1.94 x 10 " 3 min" 1 on oxidation with t^Oj this value increased to 1.59 



x I0" 2 min' 1 

sulfite. (7) Carbon can be removed from filters by low temperature ashing, Filters showing high 
reactivity can be subjected to this procedure, if the resulting material no longer shows catalytic 
activity then carbon is responsible and further analysis of the surface area and functional group 
distribution on the carbon should be undertaken. 

Metals are aiso important catalysts. (8) XRF shows the most abundant transition metal on the 
fdters to be iron. Studies with model systems show that iron metal, Fe^Oj and FeO.OH are not 
catalysts while Fe + i s. Figure 4 shows the reactivity as a function of the concentration of Fe + 
in solution in a model system while Figure 5 shows the reactivity of the system as a function of 
Fe?'* in contact with the filters. This latter figure shows a good correlation between [Fe 3 + ] 
and reactivity, but approximately 25% of the data points are anomalous. The anomalous data 
points indicate that either an inhibitor or second catalyst may be present in the filler material. 
Figure 6 shows the individual filter reaclivity versus iron coverage as determined by XRF. 
Failure to achieve a good correlation is evidence for the presence of iron in relatively insoluble 
form which implies Fe in clay and/or Fe20 3 from smelting operations. 

Finally clay minerals have been identified as catalysts and thus high reactivity may often result 
from clay minerals. The rare earth content of the clays may well be site specific. In addition 
our results show that the activity of illite clays is inhibited by phosphate ion. The mechanism 
of inhibition and the probable relationship to phosphate fertilizer and to agricultural activity is 
currently under investigation. 

Conclusions : 

The wide range of analytical equipment currently available should, in principle, allow source 
identification of specific air particulates using eiemem and isotope distribution in conjunction 
with the chemical form and reactivity of the sample. The wide range of measurements required 
are however difficult, time consuming and expensive, as well failures are always possible 
because of the inherently small sample size. 

Catalysis by material trapped on high volume filters can be studied relatively easily using 1C to 
measure the kinetics of the conversion of sulfite to sulfate, So far we have identified three 
major catalytic systems: amorphous carbon, alumi no-silicate minerals (clays) and metal ions 
(principally Fe ). Filters showing high reactivity may be selected for further, detailed 
analysis. In any event, considerable information indicative of the source can be obtained from 
the sulfite/sulfate reaction kinetics, for instance oxidized amorphous carbon appears to be more 
reactive than pure material. The former results from low temperature oxidation. Our studies 
on carbon reactivity are at an early stage and the literature indicates that our own limited results 
are not conclusive and that this area is poorly understood. The usefulness of the carbon for 
source identification remains problematic. Clay minerals, when present in their unaltered form 
contain site specific trace elements. Altered clay minerals (spherical glasses) are evidence of 
high temperature combustion. The suite of unreactive iron is indicative of iron in clays or iron 
oxides while Fe + is probably from metallic iron and is indicative of smelting or ore processing 
operations. 

Kinetic measurements of the kind described here yield significant information about the nature 
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of the particulate matter on individual filters. These results combined with detailed surface and 
chemical analysis are good indicators of the origin of specific sample material. 

Glossary : 

EM Electron Microprobe 

FAAS Flame Atomic Absorption Spectroscopy 

IC Ion Chromatography 

ICP/MS Inductively Coupled Plasma/Mass Spectrometry 

ICP/AES Inductively Coupled Plasma/Atomic Emersion Spectroscopy 

SAM Scanning Auger Spectroscopy 

SEM Scanning Electron Microscopy 

SEM/EDX Scanning Electron Microscopy/Energy Dispersive X-Ray Analysis 

SIMS Secondary Ion Mass Spectrometry 

XPS X-Ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction 
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Figure 1 . % Conversion for the catalytic oxidation of S(IV) to S(VI) 
showing the variation in reactivity for filters from different sites. 
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Figure 2. % Conversion versus S0 4 2 concentration on filters. 
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Figure 3, % Conversion for station 71342 as a temporal 
distribution. 



(Note: PM 10 sample collection started July 3, 1989.) 
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Figure 4. Rate constant versus Fe 3+ concentration in model system 
for the catalytic oxidation of S{lV) to S(VI) at pH 4.7. 
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Figure 5. % Conversion versus Fe 3+ concentration of filters at pH 
4.7 for the catalytic oxidation of S(lV) to S(VI). 
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Figure 6. % Conversion versus Fe concentration as measured by 
XRF {Ontario Ministry of the Environment), 

{Note: ng/m 3 converted to our units (ppb) by conversion factor 1 
tig/m 3 equal to 37.27 ppb.) 
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Abstract 

Air quality data are typically obtained from samples taken at a number of sites at various times 
and which are then analyzed for a number of species. Thus, a 3-way data set is obtained that 
represents the spatial and temporal variations in the composition of the atmosphere. Specifically 
airborne particle samples are taken and analyzed for multiple elements In provide a suite of 
elemental concentrations over the space and time frames of the sampling network. Previously we 
presented the results of a methodological study of a new method for analyzing such 3-way data 
call the Direct Tiilinear Decomposition (DTD). Using simulated data, DTD proved to be a 
quantitative model with potentially high power to identify particle sources as well as 
transformations in composition during transport. We have now applied this approach to regional 
scale data from the SCENES network covering the southwestern United States. The results of 
these studies are presented here. 
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INTRODUCTION 

In last two decades, receptor modeling has played a larger and larger role in air quality 
management. 123 * In receptor modeling, ambient samples arc collected and characterized for 
variety of chemical species. The ambient concentration data are then analyzed using the model. 
From the output of the model, the sources of pollutants arc identified by their chemical 
composition (called "source profile") and the mass contributions of the sources to the samples are 
estimated. The most commonly used models are chemical mass balance (CMB), factor analysis, 
and target transformation factor analysis (II I - A).** 

Generally, receptor modeling methods are one-mode or two-mode models. These models 
work with a data vector or a two-dimensional data matrix. For example, a vector containing 
concentrations of chemical species for a single ambient sample, or a matrix constructed of the 
ambient concentrations of a number of chemical constituents measured during a series of 
sampling periods at a single location. There are many air quality monitoring networks ihit 
routinely collect samples from multiple sites and analyze the sample* for variety of sp eci e s, 
Therefore, the data gathered arc three-way blocks with one way for species, one for sites, and one 
for sampling periods (Figure I). The one-mode and two-mode models use only a part of the data 
block, i.e., » column or a slice in the block. With these models, one can not analyze the whole 
data block at once, and thus can not simultaneously examine the spatial and temporal variations. 

We previously presented the results of a methodological study of a method called direct 
trilinear decomposition (DTD). 5 The goal of this approach is to provide a three-mode receptor 
model that produces source profiles and mass contributions. The development of the DTD 
model has evolved from the work by Sanchez and Kowalski*. They developed DTD to process 




Salripi | ng si ues 
Figure 1. Typical structure of the data gathered for air quality management. 



data obtained in analytical chemistry with instruments that generate two-way arrays of data far 
multiple samples. Their example was a three-way data set of emission-excitation fluorescence 
Spectra for three mixtures of three organic compounds. With their DTD method, the emission 
and excitation spectra of all three compounds were predicted and the relative concentration of 
the compounds in the mixtures were calculated. Burdick el al independently developed a similar 
method and successfully applied to an excitation-cmission-frequency array 7 . 

In order to adopt DTD in receptor modeling, a major difficulty had to be overcome. This 
problem was how to relate pollution sources to the model. In the example of Sanchez and 
Kowalski, each organic compound had two spectra, an emission spectrum and an excitation 
spectrum.* In fact, DTD model is applicable for a multiple sample system with two-dimensional 
spectral surfaces. A source profile in a receptor modeling problem can be considered to be one 
spectrum. Then another spectrum-like property of the pollution source is needed. This problem 
and others concerning the application of DTD in receptor modeling were resolved by 
methodological studies using simulated data sets. The preliminary application of this new 
technique was conducted to analyze simulated data sets and it showed good performance. Thus, it 
has been applied to a data set taken from SCENES data base*. 

THEORY 

The Trilinear Model 

The fallowing equation represents the trilinear model. 6 

jr-l 

Note that A' 1;i and E, lk represent three-way matrices, and x^ and t^ arc their corresponding 
elements. X llk is observed data matrix and E^ is model error term. Vectors o„ ft„, and c„ are nth 
utlumn vector* of matrices A, B, and C, and they represent spectrum or profile of n-th component 
in the first, second, and third mode, respectively. The vector a, is an / dimensional vector, A, is /, 
and C. is K. Equation (1) can be rewritten in scaler form: 

*m m ZXVV<* (2) 



A detailed description, discussion, and the algorithms for performing a trilinear decomposition 
based on the model in equation (1) can be found in Sanchez and Kowalski. 1 ' 

The key to npplying DTD in receptor modeling is to establish the relationship between 
the terms in the model {equation (1)] and the physical properties of the airshed. If the three-way 
data matrix is arranged such that mode 1 (i) corresponds to the chemical species, mode 2 (J) to 
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sampling period, and mode 3 {k) 10 silt.-, the N vectors {a,} can represent the source profiles, 
The following two new concepts are introduced so that the model can be fitted into the physical 
system. 

Emission patterns refer lo the relative variations of source emission strength changing with 
time at the receptors. Like a source profile, the emission pattern can be considered to be 
another property of a source. Each source has its own emission pattern. With Ihe source profile 
and emission pattern, a source can be characterized more completely and accurately. The vectors 
lb J in model (1) correspond to the emission patterns. As eigenvectors, {b.) are independent to 
each other. Real emission patterns arc not necessarily independent. The term 'emission pattern* 
used in this work is a concept with which the characteristic of real emission pattern of a source 
can be described. It is similar to representation of a source profile by a principle factor in factor 
analysis. The emission pattern will show the most important feature of a real world emission 
pattern. 

Another concept, "site coefficient", is introduced to refer to the vectors (e.) in equation 
(I). The site coefficients indicate the variation in source strength from site to site. With these 
definitions, a three-way air quality data set could be decomposed into source profiles (u„). 
emission patterns (A„), and site coefficients (c,). However, each of these profiles is a relative 
profile, and its values may not agree with actual physical scales. 

The ultimate goal of receptor modeling is not only lo identify sources, but also to 
apportion the sample mass among the sources. In order to estimate the mass contributions, a 
matrix reconstruction procedure is introduced after DTD. The mass contribution of source n at 
site k in period /, i^, can be obtained by combining the emission pattern and the site coefficient. 



If Ihe source profile y^ is defined as 



(«) 



the model in scaler form becomes: 



- 3>*V*. - Dv* (5) 



■p 



The scale of y m and z"^ do not necessarily agree with the actual scale of source profiles and mass 
contributions. Similar to TTFA. a regression procedure can be used to find a set of scaling 
coefficients, s = (j, }, such lhat 



i II <v*> - 1 

--! |\, | ».l 



Ev* (6) 



where y h and t^ arc the scaled source profiles and contributions. The regression is based on 






m 



Determination of number of factors {number of sources in receptor model), N, is always 
an important issue in any factor models. In two-mode methods, there are several function or 
indicators that are used to investigate (he number of factors." In three-mode models, however, 
the methods of determining number of factors are very limited. Number of factors are basically 
chosen by eigenvalues. Sanchez and Kowalski suggested "that a slight overdctermination of N 
does not affect the resolved spectra as much as underestimation", but they did not give a better 
way to resolve this question. 6 

APPLICATION 

An example of DTD application is given in this section. DTD has been applied to a real 
data set from SCENES data base. 7 SCENES is a sampling and analysis program that has yielded 
a large atmospheric environmental data base. Its sampling network includes portions of 
California, Nevada, Arizona, and Utah {Figure 2). The data residing in the data base include the 
chemical compositions of two size fractions of particles, visibility measurements, meteorological 
measurements, and gaseous ;iir pollutant measurements. The chemical composition data of 
panicles arc suitable to DTD application. Since the total particulate samples (<15 ^m, 
aerodynamic diameter, AD) have more chance to be influenced by a number of local sources and 
the fine particulate samples (<2.5 |im AD) should have sources distributed over the whole 
region, the fine particulate data were used in this study. 

The samples were collected on Teflon and quartz filters and analyzed using established 
methods: X-ray fluorescence (XRF) for trace elements, thermal extraction for carbonaceous 
materials (organic and elemental carbon), and ion chromatography for ions (sulfate, nitrate, and 
ammonium). The ionic species data were not available at the most of the sites. The 
concentration of some elements were always near the filter blank values. These data were not 
used in this study. Fifteen species were included in the analysis. They were A). Si. P, S. K, Ca. 
Ti, Mn, Fe, Cu. Zn, Br, Pb, ROC (residual organic carbon), and EC (elemental carbon). 

There are eleven observation sites (Table 1). Aerosol samples are collected at seven of 
them. The site MC (see Figure 2) has very limited data so that six sites (BY, GC, HI, HP, MV, 
and SM) were included. The data used were for 24 hours samples collected every day. These 
data were available from March 1986 to February 1987. In order to gel a complete three-way 
data set, the sampling periods (dates) were selected such that all six sites have valid data within 
common periods. By this criterion, forty six periods were selected. The DTD computer code was 
developed using MATLAB software package. Since the MATLAB version used in this work was 



COLORADO 




Figure 2. Air quality and visibility observation sites in the SCENES area. 



Table 1 . SCENES observatories and types of aerosol samples collected 



Site designation 


Map description 


Aerosol* 


HI 


Hillside, AZ 


TP. FP 


MC 


Meteor Crater, AZ 


TP, FP 


TM 


Turquoise Mountain, CA 


- 


SM 


Spirit Mountain, N V 


TP. FP; PM-10 (HV) 


MV 


Mead View, NV 


TP, FP; PM-10 (HV) 


LM 


Lake Mead, NV 




HP 


Hapi point, AZ 


TP, FP, CP, FP (SFU) 


DV 


Desert View, AZ 


_ 


GC 


Glen Canyon, AZ 


TP, FP; CP, FP 


BY 


Bryce Canyon, UT 


TP, FP; CP. FP (SFU) 


YP 


Yovimpa Point, UT 


— 



a: abbreviations; TP=total (< 15 #m AD) particulate matter; 

FPsfinc (<2.5 (im AD) particulate matter; 
CF=coarse (>2.5 ^m AD) particulate matter; 
SFU— stacked filter units 



PCMATLAB thai limits the number of entries in a matrix variable to 8188. in this case, the 
number of. periods can not be more than 15. The periods between April and June were used, and 
there were 12 valid periods. Therefore, the data matrix was 15 (species) x 6 (sites) x 12 (periods). 

The data matrix was analyzed using DTD. Only two sources were retained in the solution. 
In this particular case, three or more retained sources will cause complex solutions. Tables 2 and 
3 and Figures 3 and 4 present the results. Since species covered representative components in 
both inorganic and organic matters, total sample masses were used to scale the results |see 
equation (7)). If only inorganic matter was measured, one may find an average percentage of 
inorganic matter in the sample mass, and use that percentage of mass to scale the results. 

According to the chemical compositions (source profiles in Table 2), sources 1 is identified 
as soil. The major elements of soil are Si, Al. S, Ca, Fe, K, and organic carbon. Source 2 consists 
of S and organic compounds with small amount of K and element carbon. This source appears to 
be secondary sulfate because of high S content. However, the concentration of organic 
compounds and K suggest that it may include emissions from vegetation or wood smoke. This 
source would be broken down further if there were no complex solution problem. The complex 
solution problem has been encountered in the simulation study when great fluctuation of source 
composition occurs (equivaicnlly when the fundamental assumption on constant source profiles in 
receptor model is significantly violated) or when smaller fluctuations and very high collinearity are 
combined. This problem could be minimized by properly designing sampling program. 

Figure 3 shows an increasing trend in emission strength of both sources from April to 

Table 2 Source profiles predicted by DTD based on the SCENES data set (Unit: %). 



St 


Species 


Source 1 


Source 2 


1 


m 


6.36 


0.55 


2 


s, 


19.18 


-1.03 


- 


F 


0.16 


0.31 


4 


s 


5.39 


12.76 


5 


K 


1.61 


2.40 


f> 


(a 


3.97 


-1.41 


7 


Tt 


0.24 


0.0t 


8 


Mn 


0.05 


0.0! 


4 


Fe 


2.12 


0.16 


10 


CO 


0.01 


0.02 


11 


Zn 


0.03 


0.06 


12 


Br 


0.04 


0.14 


13 


Pb 


0.05 


0.09 


14 


ROC 


9.00 


21.88 


15 


EC 


0.89 


3.07 



Table 3. The site coefficients for the SCENES data let 



Site 


Source 1 


Source 2 


BY 


1.97 


0.96 


GC 


187 


117 


HI 


1.23 


3.28 


HP 


2J7 


1.52 


MV 


2J2 


i.so 


SM 


272 


1.97 



May. This emission pattern information may be helpful in identifying sources when two sources 
have similar profiles. The emission patterns should be interpreted better when considering 
meteorological conditions and significant pollution episodes. 

The effects of the sources on (be sites can be seen in Table 3 of the site coefficients. 
Within the studied periods, soil (source 1) has larger influence on ail the sites except site HI. At 
site HI, sulfate (source 2) is a much more important source than soil. The study by Malm et at' 
suggested that southern Arizona was a sulfur source area influencing the Grand Canyon. There 
ate numerous copper smelters in southern Arizona that emit significant amount of SOj. HI is the 
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Figure 3. The emission patterns of two sources identified from the SCENES data set. 
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Figure 4. The source contributions predicted by DTD based on (he SCENES data set. 



closest site to these sources. 

The mass contributions of identified sources to every samples are estimated and plotted in 
Figure 4. Since the results arc regressed to measured total sample mass [equation (7)J, the 
calculated total sample mass is overestimated for some samples, and underestimated (or the 
others. In average, however, the predicted mass matches the measured mass. The impacts of 
sources to each site in every period can be seen in this result. 
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STABILIZATION OF WASTE IN A LANDFILL ENVIRONMENT. 

D.W. Kirk, M. Modi and J.VV. Graydon, Department or Chemical Engineering and Applied 

Chemistry, University of Toronto, Toronto, Ontario M5S 1A4 

INTRODUCTION 

The use of landfill disposal continues to be the most widely used system for disposal of 
municipal refuse and industrial wastes. Despite the long history of landfill use, the impact of the 
landfill on the surrounding environment and aquifer remains controversial. Although the initial 
gross content of the landfill can be estimated with reasonable accuracy, the rate and extent of 
materia! transfer to the environment is not well defined. Part of the difficulty is in identifying and 
quantifying the parameters that control the chemical and biological reactions occurring within the 
landfill mass. Knowledge of these parameters is critical in determining environmental impact and 
in improving the design of landfill sites. Some of the questions thai need to be addressed from 
the perspective of landfill liner design are: what becomes of wastes in [he landfill?; how long will 
leachate generated from the landfill pose an environmental threat? There are also questions of 
a fundamental nature . What types of waste decompose, convert, react, stabilize or migiate? 
Indeed, what is our current level of understanding of waste stabilization? 

One approach to developing an understanding of the landfill environment is to measure 
and monitor the effluents which leave the system. This is an approach is best performed in 
contained cells so that a mass balance can be conducted. The cells should be sufficiently large 
to behave in the same manner as a landfill in the environment. The results of our work using 
this approach have been reported in previous conferences. 

A second method of investigating the landfill environment is to dig up an existing site and 
analyze the remaining contents. A fascinating report was recently given in the National 
Geographic' using this approach. From this work one is led into the realm of archaeology and 
the disposal habits of current and previous generations. The identification of well preserved food 
stuff, clothing, paper and plastic goods in this work has demonstrated the uniqueness of the 
environment where anaerobic conditions can prevent the decay of materials that would have 
decomposed on the surface. Upon seeing newspaper that is still legible after 10 or 15 years in 
the ground one might be tempted to think that this is an unchanging environment but the exicmal 
leachate monitoring tells a different story. 

From the leachate analysis the chemistry of the landfill environment is revealed. Over a 
period of several years the amount of acid generated from organic decomposition decreases, the 
concentration of metals in the leachate decreases and the leachate loses its colour and odour and 
the anaerobic conditions begin to decline. From the external perspective ihc landfill appears to 
be approaching an inert state or stabilized stale. Yet, what is seen within the landfill are the 
relatively undecomposcd original major constituents. Why are the two perspectives a! odds? In 
the first place, there is no well defined association between the components put into the landfill 
and the resulting leachate composition. The current perception is that if a waste can release 
contaminants in water ( or acetic acid) then those contaminants will appear in the leachate if that 
waste is deposited in the landfill. However from studies of contaminant migration in soil and 
ground water, researchers have often recognised the loss of contaminants and assumed that 
dispersion, precipitation or bio-mitigation effects have prevented the tracking of some of the 
contaminants. Indeed, often there is difficulty in finding a tracer that will not be lost to the 
ground matrix. Movement of contaminants in a landfill environment encounter an even greater 
variety of non-ideal conditions. The chemical environment can change spatially and temporally. 



These changes may be gradual or have relatively sharp transitions. These environments also 
define the microbial population and perhaps mobilization forces. The values of pH, Eh and co- 
contaminani species such as sulphides and organic by-products may play an important role in the 
mobility of contaminants. Only in the case of wastes containing very soluble ions such as 
chloride and sodium does the leachate show (or usually show) the presence of the added 
contaminants. 

In this work, the process of stabilization within a landfill environment is described. The 
interactions of MSW leachate and a surrogate waste have been investigated from a microscopic 
perspective since the macroscopic view does not explain satisfactorily the landfill behaviour. 

EXPERIMENTAL 

This study has employed large scale laboratory leaching columns which were designed to 
simulate landfill behaviour. There are 16 columns in operation packed with 4 different 
compositions: 100% municipal solid waste(MSW), MSW + 8% industrial wasteflW), MSW + 
30% IW and 8% IW in sand. The high density polyethylene cylindrical columns are 1.93m high, 
and 0.33m in diameter and contain approximately 43 kg (dry weight) of MSW. One half of the 
columns receive moisture input from precipitation while the other half receive controlled periodic 
water additions. The systems were maintained in unsaturated flow conditions with regular 
leachate removal from the bottom reservoirs. As a result of their size the columns are operated 
in an outside location. This scale of experimentation, though large for laboratory studies, is 
required for developing the landfill hydrodynamics and biological activity .The role of hazardous 
waste was studied using a selected hazardous waste at 8 and 30 weight percent of the municipal 
refuse content. The waste was added in 3 layers in the test cells. 

At (he end of a 5 year period selected columns were taken to a cold room and were frozen 
at a temperature of -lS'C. The columns were then sectioned venically and sampled by talcing 
cores for chemical analysis or cutting sections for electron and optical microscopic analysis. All 
samples were dried under vacuum and weighed before analysis. Samples that were cut for 
microscopic analysis had to be dried under slight compression to maintain sample integrity. These 
dried samples were encapsulated in resin, then were cut and polished for examination. 

Chemical analysis was performed using 1CP and INAA. Electron microscopy was 
performed with a Hitachi SEM with EDX for both X-ray microanalysis and elemental X-ray 
mapping. 

RESULTS AND DISCUSSION 

The leachate from the four MSW columns satisfactorily simulated landfill behaviour. The 
concentrations of 8 elements in the leachates from these columns are shown in Figure 1. 
Concentrations of all contaminants have declined with time. 

The concentration of 8 elements in the leachates from the four MSW columns containing 
a total of 8% industrial waste is shown in Figure 2. Again the concentrations of ail contaminants 
in the leachate have declined with time. 

The comparison of COD and pH for these 8 columns is shown in Figure 3. The most 
notable difference in the leachates is that the presence of the industrial waste has resulted in 
lower concentrations of most of the metals and COD. In addition, the pH of leachate from the 
columns with industrial waste was more rapidly neutralized, although this characteristic also was 
noted in one of the MSW columns. 



The analysis of the industrial waste (Table I ) shows that there was the potential for a significant 
input of several metals to the leachate However, using the Ontario Ministry of the Environment 
LEP. the industrial waste only had significant calcium and lead as leachabie components hut the 
lead values wen: sufficient lo have the waste classified as hazardous (Table 1). More important 
however, was the alkaline content of the waste, which was sufficient to maintain the liquid at 
pH= 12 during the LEP test. Thus there was considerable uncertainty whether the LEP test which 
determines chemical teachability would predict the behaviour in a landfill. 

The very obvious difference in the leachates from the two sets of columns is that 
the presence of the industrial waste appeared to inhibit the level of contaminants (Table 2). There 
have been several theories proposed to account for the low level of leachate contamination from 
the columns having industrial waste present. The first is that the wasie may form a compact or 
slimy layer which blocks the flow of water through the column and results in channelling and 
hence low metal extraction. The second is that any metals solubilized from the industrial waste 
would encounter sulphur species in ihe MSW and because of the reducing conditions would 
precipitate as insoluble metal sulphides. These might encapsulate the waste particles and mitigate 
leachate contamination. The third theory is that the alkalinity of the industrial waste layer would 
serve to precipitate dissolved metals passing through the layer and thus only the MSW below the 
bottom industrial waste layer would contribute lo the leachate contamination. The fourth theory 
is that the alkalinity released by the industrial waste layers inhibil microbial action and hence 
lessen leachate contamination. The fifth theory is that metal ions released by the industrial waste 
inhibil microbial action and hence lessen leachate contamination. The validity of these theories 
are being investigated in this study by analyzing the waste after the 5 year test period. 

The pH values of various layers in the columns were measured by taking cored samples. 
from the frozen sectioned column, slurrying them in deionized water and measuring the pH. 
Figure 4 shows the measured pH values as a function of position in the column and the position 
of the industrial waste layers. At the start, the industrial waste layers were very alkaline with a 
pH value of >12. From the measurements shown at the end of ihe 5 year period, the topmost 
layer has almost been neutralized, while the middle and bottom layers have retained a little 
alkalinity. Apart from (he IW layers, the pH of the MSW is essentially neutral regardless of the 
proximity to the IW layers. pH values from the MSW columns without industrial waste show a 
slight acidity. 

Microscopic examination of the industrial waste layers and the surrounding MSW shows 
that a very sharp demarkation between the industrial waste and ihe MSW has been maintained. 
There is no evidence of solids from the industrial waste having been carried into the MSW. 
Careful examination of the top IW layer has shown ihe presence of fine channel structures in the 
upper portion and porosity in the lower region. The middle layer and lower layers show 
progressively less of the channel structure. Porosity is evident in all the layers. There is no 
evidence that the IW has formed a leachate barrier or that leachate did not pass through the 
layers. Indeed for the top layer of the industrial waste to have been neutralized and the middle 
and bottom layer lo have been partially neutralized, means that acidified leachate must have 
passed through the layers. Preliminary X-ray microanalysis of ihe residue of the botiom layer 
(Table 1) shows that there has been a 5% loss of calcium from Ihe IW matrix. This is consistent 
with the change of pll over time. 

Analysis of Fe in the bottom waste layer (Table !) has noi shown any significant iron loss 
and this is consistent wiih the optical microscopy work which shows little corrosion of ihe iron 
oxides. There is microscopic evidence of an alkaline attack of iron silicate particles, however the 



leachate from the columns wilh IW had lower iron content than the MSW columns. Both types 
of columns showed corrosion of ferrous articles in the MSW layers. 

From the X-ray analysis (here is evidence that some zinc may have leached from the IW 
layer though there was no increase in zinc in the leachate. More detailed analyses are being 
conducted to determine the minor element stability. A chemical analysis of this layer using a 
nitric acid extraction has shown that there remains approximately 8% soluble Ca, 4% Fe, 6% Zn. 
1.3% Pb and 0,02% Cd. These elements appear to retained in the IW because of their low 
solubility under alkaline conditions. Thus, except for calcium and zinc there appears to be little 
change to the bulk of the IW during the stabilization, 

Analysis of the interface between the MSW and the IW by X-ray microanalysis and 
elemental mapping revealed clear evidence of calcium enrichment at both the upper and lower 
interfaces of each IW layer. The preliminary analysis of the two interface regions for the bottom 
waste layer is shown in Table 1. The Ca enrichment appears to be the result of precipitation in 
the form of calcium carbonate. Only at the lower interface of the bottom IW layer was a minor 
amount of sulphur detected. Although sonie calcium deposition was noted in the MSW near the 
interface, most appeared to be deposited in the IW layer. This suggests that the movement of COj 
cm- carbonic acid into the layer was responsible for calcium carbonate formation. The enrichment 
at the top of the layer is from the movement of calcium rich leachate fas bicarbonate) down the 
column to the alkaline layer where calcium carbonate is formed. Within the IW layer calcium 
hydroxide migrates to the iower boundary where it deposits as calcium carbonate due to the 
presence of carbonic acid. There was no evidence of precipitation of any other metal at the 
interface regions. Thus the theory that the pH boundaries between MSW and an alkaline layer 
can serve as a filter for migrating ions was not observed except for calcium which was relatively 
concentrated. Similarly there was little evidence that sulphide precipitation served as a significant 
metal removal mechanism. Sulphides are generally highly visible in optical microscopy and there 
was no evidence for their presence. The minor sulphur content at one of the lower interfaces 
could have been from sulphate rather than sulphide compounds. 



CONCLUSIONS 

The following conclusions are based on the initial analysis of the waste stabilization process. 

1. The industrial waste tested has not contributed to the contamination of the leachate from MSW 
in the experimental landfill columns. The LEP test had indicated that lead solubilization would 
be excessive. 

2. The presence of the industrial waste in MSW has had the effect of decreasing the COD and 
metal ion contamination of the leachate. 

3. The beneficial effect of the IW in MSW is not due to the formation of impermeable barriers 
or to the precipitation or adsorption of environmentally important metal ions in the leachate. Only 
calcium has been seen to enrich at both the upper and lower MSW/IW interface regions. The 
precipitation at the upper boundary is from reaction of downward flowing calcium bicarbonate 
wilh the calcium hydroxide in the IW layer. The enrichment of calcium carbonate at the lower 
interface is from the migration of calcium hydroxide in the tW which is neutralized by carbonic 
acid ai the MSW interface. No other metals were found to be enriched at the interfaces. 



4. The neutralisation of an alkaline waste does not occur rapidly even when there is MSW 
leachale flow through the material. Two of the three tW layers have pH leveis >B after 5 years 
in the landfill cells. 

5. Within the IW layer there is little evidence of dissolution of the residual particles with the 
exception of the alkaline attack of some iron silicate phases. There has been some solubilization 
of zinc from the industrial waste though there is no evidence of precipitation at the MSW 
interface or enrichment of the leachate. 

6. The mineralogieal investigation techniques with X-ray microanalysis and elemental mapping 
have proved to be very important tools in the investigation of waste stabilization. 
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TABLE 1 

ANALYSIS OF THE INDUSTRIAL SOLID WASTE 



ELEMENT 
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Zn 


Ca 


Mn 


Pb 


Cr 


Cd 


Initial Mass in 43kg 
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128g 


61. 7g 


6.57g 


1.02g 
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TABLE 1 

TOTAL MASS OF ELEMENT LEACHED 
DURING STABILIZATION 



Element 



MSW (g) 



Ft 



176 



23 



Zn 



5.3 



0.3 



106 



MSW 
J +8%IW (g) 
Value* Irom column #3 (MSW nr.ly) and coTumn^fTiMSW + 



Ca 



291 



Mn 



4.4 



1.2 



Ph 



0.11 



0.03 



Cr 



0.01 



Cd 



0.02 



0.02 0.02 



total volume of 



leachate was approximately 350 L for each column. 
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Physical Modelling of Contaminant plumes from Landfills 
by R.J. Mitchell, Queen's University, Kingston, K7L 3N6 

ABSTRACT 

This paper considers physical modelling of landfill systems as 
an independent design approach. A dimensional analysis of the 
factors controlling contaminant transport in porous media is 
summarised and it is shown that gravitational modelling is 
necessary when carrying out physical modelling of transport in 
partly saturated soils. Centrifuge modelling has the added 
advantage of accelerating flow and transport phenomenon so that 
several years of real life (prototype) contaminant migration can be 
observed within days in the model. A 0.5m radius geotechnical 
centrifuge has been constructed specifically for modelling clay 
liner performance, current research work, which includes liner 
leakage modelling and the transport of soluable contaminants in 
partly saturated soils, is outlined in the paper. Application of 
the modelling of models technique is discussed as a method of 
studying plume formations in cases where the centrifuge does not 
model all aspects simultaneously. 

INTRODUCTION: CENTRIFUGE MODELLING IN GEOENVIRONMENTAL ENGINEERING 

It is important, not only for an historic perspective but also 
to understand the potential application, to distinguish between 
centrifuge testing and centrifuge modelling. Bench centrifuges have 
been used, more or less continuously, for the past half-century to 
determine physical properties of materials, including hydraulic 
properties of porous media (see, for exaaples, Gardner, 1937; 
Russell and Richards, 1938). This is centrifuge testing and, like 
any other laboratory bench testing, is carried out to obtain input 
data for analytical solutions to (or numerical models of) field 
scale engineering problems. Centrifuge modelling was also 
introduced fifty years ago but has been redeveloped during the past 
20 years, mainly for geotechnical applications (see, for examples, 
Schofield, 1978; Schofield, 1981). Real materials and boundary 
conditions are used to create a scaled physical model from which 
model behavioural phenomenon are observed. These physical 
observations are projected to the field (prototype) scale using 
analytical scaling relations. It is not necessary to know any 
material properties to carry out centrifuge modelling. Centrifuge 
modelling provides a completely independent solution to an 
engineering problem. 

It is only within the past five years that centrifuge 
modelling has been applied to geoenvironmental problems such as 
contaminant transport (Arulanandan et al., 1988; Gronow et al., 
1988; Cooke and Mitchell, 1991). This delay in the development of 



centrifuge modelling is due to the fact the large machines are 
needed to centrifuge large models. The centrifuge radius should be 
at least 10 times the model height to produce a suitably uniform 
acceleration field (Schofield, 1978) . It is becoming apparent, 
however, that there are certain geotechnical/geoenvironmental 
problems for which centrifuge physical modelling is very well 
suited and aay be considered state-of-the-art (Mitchell, 1990). 
Contaminant transport in partly saturated soils is certainly one 
such problem. The two purposes of centrifuge modelling in this area 
are (1) to examine transport phenomenon under modelled field 
conditions in order to predict field behaviour and (2) to produce 
complete "data sets" for idealized prototype situations to be used 
for validation of numerical models. At this stage of the 
development, both purposes appear to be equally important. At the 
present time. Queen's University Centrifuge Modelling Laboratory 
has two centrifuges; a 3m radius machine which, after six years of 
geotechnical stability modelling, has been converted for 
geoenvironmental modelling use and is dubbed "the green machine"; 
a 0.5m radius machine, designed and built in 1990 for clay liner 
modelling, which can be taken to field sites for liner permeability 
control testing, called, appropriately, "the mobile modeller". 

CENTRIFUGE OPERATION AND SCALING FACTORS 

Figure 1 is a schematic drawing of the green saachine in its 
present form. A model is placed in the strongbox and balance Basses 
are placed on the other end of the radius arm. When the machine is 
rotating at a constant angular velocity, to, the model experiences 
an in-flight radial acceleration of a - ri) . This acceleration acts 
on each and every atom in the model creating body forces which are 
similar to earth's gravitational forces. These body forces induce 
a stress distribution in the model. Thus, the first major advantage 
of centrifuge modelling is realized: when the model is constructed 
of prototype materials, under prototype densities and prototype 
boundary conditions, to a scale of N, and the model is in-flight at 
a -= Ng ,the stress distribution in the model will be similar to 
that of the prototype. Therefore, processes which are gravity 
driven, such as fracture and flow in earth materials, can be 
simulated in the physical model. Stress gradients will be increased 
N-fold in the model because two similar stress points will be 
closer in the model by the linear factor N. Thus, flow velocities 
will be increased as: 

v a - N v (1) 

where the subscripts n ana p apply to model and prototype, 
respectively, The distance a molecule flows between similar stress 
points will also be reduced by the linear scale, N, such that the 
time required for a flow process to occur is H 2 times faster in the 
model than in the prototype field situation. Then: 

t = N 2 t m (2) 

and the second major advantage of accelerated modelling is 
realised: ten years of field hydrodynamic phenomena can be 
simulated in 10 hours at a = lOOg or in 10 days at a = 50g. These 
are appropriate scales for producing idealized data sets. 



CENTRIFUGE MODEL SIMILITUDE 



Physical modelling has been used for centuries to study 
physical phenomenon and it has been widely demonstrated that 
similar behaviour, in model and prototype, is observed when 
dimensionless mathematical expressions of similitude are fulfilled 
For flow and contaminant transport, these conditions of similitude 
^o = ^ een , derlved ' Published and discussed by Arulanandan et al 
(1988) and by Cooke (1991), The two hydrodynamic expressions which 
n«L n M Q ^^ "" "^ R ^ n ° lds "umber and the Peclett number but 
Bear (1972>has shown that flow velocities are sufficiently small in 
fine grained soils that both of these numbers are less than unity 
Darcy flow and molecular diffusion then control the advective- 
dlspersive transport phenomenon and the lack of similarity in the 
hydrodynamic expressions does not affect the processes It is of 

i™22i ^ "°K e that r leCUlar ^"usion and other phenomenon are 
expected to be similar in centrifuge modelling of prototype 
transport situations such that plume shapes for real or idealized 
situations can be produced from centrifuge modelling. The two 
™»i?M ex e ress ; ons ""ich Cooke (1991) defines as being dissimilar 
result because the chemical process involved (absorption and other 
reactions, require finite times to develop fully. In the faster 
model flow regime, these reactions may only be partially realized 
Centrifuge modellers have, of course, developed a procedure for 
examining this problem -by carrying out model studies at different 
scales, a process referred to as modelling of models, real time 
effects may be discovered. In the present work a conservative 
contaminant (chloride tracer) was used to avoid chemical 
dissimilarities. The most important dimensionless expression for 
control of modelling in partly saturated soils is the capi 1 r 
effects number (CEN) which is given by 



CEN = pg Ll/T {3) 



tr.n = ug Ll/T .31 

Ur- r nhL i "i."- 1 ?- den " lty * 9 U the gestational constant, L and l 
are characteristic macroscopic and microscopic lengths and T is the 
fluid surface tension. It is clear that CEN m - CEN only when the 
mode is accelerated to a = Ng so that a\ . = g P L e f 
mode! ling is essentially the only way to produce model slmi ari y 
nh«™« istu / e - 3uctl °" Profile, hence in the advection -dispersion 
phenomenon, for a partly saturated prototype soil profile. This is 

st: t e- a oV c thr:rt n f that rr ( rifuge ^^^ »«* »» s^r^ 

'^,? of-the-art for studying flow and contaminant transport 
problems in partly saturated soils. r 



MODELLING OF LANDFILL PLUMES 



. Consider the potential for groundwater contamination from the 
Jrlltnl H lned »»*"" '«ility ^own on Figure 2. ContamTnl^s are 
tlhT I V V le * Bt retarded - trom reaching the ground water 
table by two barriers: the clay liner retards both advective and 
dispersive transport; the partly saturated soil provides both 
^tTK 3 nt "° Venent "taxation and a contaminant hofding capacity 
should breakthrough of the Uner occur. Although it is possible to 
build a physical model of the complete prototype facility it is 
more convenient to consider each barrier separately 



CLAY LINER MODELLING 

Clay liners have been studied in considerable detail (see, for 
examples, Chapuis, 1990 ; Quigley, 1990) and It is known that good 
quality laboratory bench testing can provide accurate material 
property evaluations Cor clay liner design. However, laboratory 
bench testing is subject to equipment leakage and the compatibility 
of a given clay liner to organic leachates will depend on the 
effective stress in that liner. Centrifuges can be used in two ways 
to evaluate liner performance: (1) the centrifuge can be used as a 
materials testing machine to evaluate hydraulic conductivity and 
compatibility under prototype effective stress conditions and (2) 
centrifuge modelling of the liner-waste-leachate system can be 
carried out to directly determine the prototype leakage and 
contaminant migration. The current work in these areas is briefly 
outlined below. 

Clay liners are generally in the order of ira to 2m in 
thickness. A model scale in the order of 40 or 50 is a convenient 
scale for liner modelling because flow velocities would always be 
sufficient to provide results in one day of modelling but would be 
low enough so that the Reynolds and Peclett numbers would always be 
much less than unity. Thus, a model liner thickness in the order of 
50mm would be sufficient for routine work and, hence, a centrifuge 
of 0.5m radius would be able to carry out this work. A centrifuge 
of this size is both inexpensive and portable and the 0.5m Mobile 
Modeller, shown on Figure 3, was designed and built at Queen's 
University to carry out liner modelling and testing. Figure 4 shows 
the liner modelling apparatus. The 76mm diameter liner model is 
sealed in the lower chamber by a silicon oil lateral pressure cell 
and has a porous plastic plate on the lower side to conduct any 
water and/or contaminant flow into the model lysimeter threaded 
into the base plate. The model landfill materials (sand cushion, 
leachate, etc.) are placed in the upper chamber. Both liner leakage 
and liner compatibility are modelled when prototype materials are 
used. 

Liner permeability testing is carried out by confining the 
liner sample in the lower chamber and connecting saturated small 
diameter tubing to the water and silicon oil supply reservoirs 
located near the centre of rotation of the machine as shown on 
Figure 3. The water pressure on the top of the liner sample is 
calculated by simple integration of the pressure along the water 
supply tube and, hence, the hydraulic gradient across the liner 
sample is known at any centrifuge acceleration level. The confining 
pressure in the lateral pressure cell is maintained at an 
appropriate level (usually 5 to 10 kPa) above the sample top water 
pressure by an air pressure bag contained in the central section of 
the centrifuge arm (the air pressure acts on the top of the silicon 
oil reservoirs). To date, two series of liner permeability tests 
have been carried out. These test series indicate that centrifuge 
testing of the permeability of clay liners provides results that 
are accurate and that are obtained in less than 24 hours. A 
comparison of permeability data for 12 centrifuge and 12 bench 
tests caried out on consolidated specimens of Kaolin clay are 
presented in Table 1 and the following general conclusion has been 



drawn from this testing: centrifuge testing is an efficient method 
of determining clay permeability and problems of leakage or 
hydraulic fracturing are eliminated by this test method. Of equal 
or greater import to future clay liner design is the fact that 
centrifuge modelling can reproduce the field effective stress 
distribution through the liner. Effective stress is known to affect 
the ability of clay liners to resist detrimental interactions with 
organic leachates (see, for example, Quigley and Fernandez, 19B9) . 
Thus, centrifuge modelling can examine clay/leachate compatibility 
by reproducing field conditions in the laboratory. This work is 
currently underway at Queen's University Centrifuge Modelling 
Laboratory. The 0.5m radius Mobile Modeller can also be used for 
field control testing of liner samples, both for leakage and for 
leachate compatibility. 

MODELLING OF TRANSPORT IN NATURAL SOILS 

As noted earlier in this paper, centrifuge modelling is the 
necessary and sufficient condition for physical modelling of the 
movement of a conservative contaminant in a partly saturated fine 
grained soil. Indeed, the requirement that both the Reynolds number 
and the Peclet number be less than unity will hold for all soils 
with mean diameters up to about 0.5mm. The great advantage, of 
course, is that accelerated modelling will provide enormous real 
time advantages while maintaining similarity of all stresses. To 
date, the research on contaminant transport has been restricted to 
studying the one-dimensional movement of a chloride tracer in a 
partly saturated silty soil which is laboratory prepared in a 
sectioned soil column. Figure 5 shows the strongbox apparatus used 
for drainage, flow and contaminant transport modelling. The soil 
column is made up of up to 15 separate clear plastic rings of 7 5mm 
diameter and equipped with 'O'-ring seals to provide a water tight 
hollow cylinder into which the soil is placed at the required 
density. The upper and lower water tanks are designed to deliver 
water to, or accept water from, the top and base of the soil column 
at constant heads while monitoring these flow volumes to an 
accuracy of ± 2 cc. This constant head flow monitoring system is 
described in detail by Mitchell and Cooke (1991). The contaminant 
source container is designed to deliver up to 20 cc of a 
contaminant to the surface of the in-flight model. The general 
modelling sequence is as follows: (l) prepare the soil model in the 
column, (2) mount the soil column and flow control system in the 
centrifuge strongbox, (3) run the centrifuge at the selected 
acceleration (a = Ng) for a predetermined time to establish the 
desired moisture content profile, (4) introduce the contaminant at 
the central point on the soil surface while the centrifuge is 
running, (5) continue running the centrifuge for a selected time 
period, (6) stop centrifuge and section soil column to obtain 
contaminant distribution. Salt contents were measured by calibrated 
conductivity testing on each 20mm layer of soil. 

The selected sequence was repeated using a new soil sample 
each time and the results were found to be consistent. These 
modelling runs were carried out at scales of 50 and 100. Figure 6 
shows a typical result from the chloride tracer transport 
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modelling. The data is dimensional ized by plotting the commulative 
salt to a given depth divided by the total salt added. 
Dimensionalizing the average salt contents accounts for the 
difference in the size of the salt plumes in the 50 scale and 100 
scale models and provides a direct eoaparison of the results. All 
models represent a 2000 litre prototype surface spill of a 10% Na 
CI solution <16 cc for 50 scale and 2 cc for 100 scale models, 
respectively) and these models were infiltrated for 6 hours and 9 
hours (at 50 gravities) and 1.5 and 2.25 hours {at 100 gravities), 
respectively. The close agreement between the 50 scale and 100 
scale results provides a high level of confidence in accepting the 
centrifuge modelling technique as an independent alternative for 
predicting prototype contaminant movements. Indeed, the numerical 
modelling alternative, in the case of contaminant movements in 
partly saturated soils, is at a very early stage of development. 
One of the future uses of centrifuge data sets will be to calibrate 
and/or validate numerical models. The test sequence which produced 
the data on Figure 6 is representative of a prototype contaminant 
spill rather than a steady state leakage through a clay liner. This 
modelling never-the-less demonstrates the principle and equipment 
has now been developed and calibrated for delivering contaminants 
to the soil surface at predetermined rates. Current research is 
being carried out to study plume migration (both in the vertical 
and the lateral directions) under steady leakage conditions and at 
larger model scales. There is no doubt that centrifuge modelling 
can contribute significantly to both the basic understanding and 
the predictive capabilities of contaminant transport in earth 
materials. Producing quality modelling data is, of course, a time 
consuming activity and there is still much development work to be 
done, particularly with regard to model sequence control and the 
in-flight monitoring of contaminant spreading. 

CONCLUSIONS 

Research carried out on the o.5m Mobile Modeller centrifuge 
indicates that this machine is capable of producing quality liner 
permeability data for design (in the laboratory) and for 
construction control (in the field). The major advantages of the 
centrifuge method, over standard laboratory and field methods, is 
that rapid results can be produced without risk of apparatus 
leakage error and that the real (prototype) effective stress 
distribution can be reproduced in centrifuge models. This latter 
advantage is currently being exploited to study liner/leachate 
compatibility. Research carried out on the 3m radius Green Machine 
has established that the transport of a conservative contaminant 
through a partly saturated fine grained soil may be accurately 
represented by centrifuge modelling. Current and future research on 
this machine has been planned to improve modelling techniques, 
improve in-flight monitoring capabilities and to produce quality 
contaminant movement data sets under a variety of conditions and 
using several types of contaminants. 



REFERENCES 

Arulanandan, K, Thompson, P.Y., Kutter, B.L., Neegoda, N.J., 
Muraleetharan, K.K. and Yogachandran, C. (1988) Centrifuge 
Modelling of Transport Processes for Pollutants in Soils. 
ASCE, Jour of Geotech. Eng. 114 (2) 185-205. 

Bear, J. (1972) Dynamics of Fluids in Porous Media. American 
Elsevier Inc. New York, N.Y. 

Chapuis, R.P. (1990a) Sand - Bentonite Liners: Predicting 

Permeability from Lab Tests. Can. Geotech. J. 27:1:24-57. 

Cooke, A.B. (1991) Centrifuge Modelling of Flow and Solute 
Transport in Unsaturated Soils. Ph.D. Thesis, Queen's. 

Cooke, A.B. and Mitchell, R.J. (1991) Centrifuge Modelling of 
Contaminant Transport in a Partially Saturated Soil. 1st. 
Can. Conf. on Env. Geotech., Montreal, May, pp. 279-284. 

Gardner, R. (1937) A Method of Measuring Capillary Tension of 
Soil over a Wide Moisture Range. Soil Sci. Soc. 43:277. 

Gronow, J.R., Edwards, R.J. and Schofield, A.N. (1988) Drum 
Centrifuge Study of the Transport of Leachates from Landfill 
Sites. Report to U.S. Army Dev. and Standardization Group. 

Mitchell, R.J. (1990) Centrifuge Modelling as a Consulting Tool. 
Can. Geotech. J. 28:1:162-167. 

Mitchell, R.J. and Cooke, A.B. (1991) An Apparatus for in-flight 
Constant Head Monitoring. In Centrifuge 91, Proceedings of the 
International Conference on Centrifuge Modelling, Boulder 
Col., Eds. H-Y. Ko, F.G. McLean, pp. 539-542. 

Quigley, R.M. (1990) Clay Barriers for Mitigation of Contaminant 
Impact. Course Notes, Geotechnical Research Centre, 
University of Western Ontario, Vol. 2, pp. 1-31, April 1990. 

Quigley, R.M. and Fernandez, F. (1989) Clay/organic Interactions 
and their Effect on the Hydraulic Conductivity of Clay 
Barriers. Proceedings of an International Symposium on 
Contaminant Transport in Ground water, Stuttgart, Germany. 

Russell, M.B. and Richards, L.A. (1938) The Determination of 
Soil Moisture Energy Relations by Centrif ugation. Soil Sci. 
3:65-69. 

Schofield, A.N. (1978) Use of Centrifuge Modelling to access 
Slope Stability. Can. Geotech. J. 15:1:14-31. 

Schofield, A.N. (19B0) Twentieth Rankine Lecture: Cambridge 
Geotechnical Centrifuge Operations. Geotechnique 30:3:227-268. 



ACKNOWLEDGEMENTS 

The support of the Ontario Ministry of Natural Resources, 
through RAC Projects Nos. 505G and 506C, is gratefully 
acknowledged. These projects have greatly facilitated the 
development and application of centrifuge modelling techniques to 
landfill contaminant plume studies. 





BENCH TEST 






CENTRIFUGE 


TEST 


Sample 


Saturated 


test 


hyd 


raulic 


test 


hydraulic 


No 


density 


time 


conductivity 


time 


conductivity 




g/cc 


mm. 


m/s 


X 10"* 


min. 


is/s 


X 10"' 


1 


1.91 


480 




1.12 


240 




1.13 


2 


1.90 


480 




1.05 


240 




1.14 


3 


1.95 


420 




0.96 


180 




1.06 


4 


1.87 


420 




1.27 


180 




1.27 


5 


1.90 


420 




1.27 


180 




1.37 


6 


1.36 


420 




1.18 


180 




1.19 


7 


1.87 


450 




1.21 


240 




1.30 


S 


1.92 


450 




1.10 


240 




1.21 


9 


1.88 


1100 




1.28 


180 




1.23 


10 


1.94 


1100 




1.11 


180 




1.12 


11 


1.86 


465 




1.15 


180 




1.24 


12 


1.89 


465 




1.15 


180 




1.11 



Table 1 - Comparison of Bench and Centrifuge Permeability Tests 
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Figure 6 
Typical Chloride Tracer Results 



EXPERIMENTS ON DISSOLUTION OF TRICHLOROETHYLENE 

IMMOBILIZED IN SAND. 

Philtpp* Lftmarehe", G.J Farquhar and J.F. Sykes, Department of Civil Engineering, University of Waterloo, Waterloo, 

Ontario, N 2L 3GI 

Abstract 

Many chlorinated solvents, although immiscible with water, are sufficiently soluble to create water quality haiards. When 
spilled into toil, solvents remain as discontinuous residuals within the pore& from which dissolution will occur into adjacent 
ground water. Very little is known about the rates at which dissolution occurs or the factors which affect it. This is of 
particular interest with regard to the aqueous phase concentrations produced and the time required, to reach aon* hazardous 
conditions. 

Experiments were performed on a laboratory scale to investigate the process of solvent dissolution in ground water. 
Trichloroethylene (TOE) was placed at apparent residual saturation in glass columns packed with different sands. One 
colu mn contained chlorobensene (CLB) instead of TCE. The TCE was dyed to allow visual observation of the contaminated 
sand sone. Water was pumped through the columns for one or two months, with flow rate and effluent TCE concentrations 
being monitored. Concentrations of TCE exceeding the recommended drinking water standards (5 f*g/L) were measured 
until the end of the runs. 

Solubility limit value (near MOO mg/L) effluent concentration* of TCE were measured after 30 pore volumes of water in a 
mixed sand column. Effluent TCE concentrations then dropped below 10 mg/L in approximately 30 pore volumes. By that 
time, over 95% of the TCE had disappeared from the mixed sand column. The results for most other columns were similar. 

When concentrations started decreasing, a short sone of sand containing dyed TCE could still be observed in all columns 
This lone had disappeared by the time concentrations were below 10 mj>/£,. The TCE concentrations then decreased at 
a slower rate, such that concent rat ions over 400 /*£/£. at a specific discharge of 1 m/d, were still observed after 220 pore 
volumes of water had passed through the mixed sand column. These concentrations are much higher than the recommended 
drinking water standard of 5 pg/L. The concentrations of TCE, after dropping below equilibrium (saturation) levels, were 
also observed to be inversely proportional to the specific discharge rate. 

These and other experiments allowed investigation in greater detail of some of the factors affecting solvent dissolution 
in ground water. The experimental data was also reproduced with a finite element code solving the conservation of mass 
equations. A new conceptual! model permitting better explanations of the laboratory observations was suggested. 

0.1 Introduction 

At the present, organic chemicals are the most commonly found hazardous contaminants in ground water (Mackay and 
Cherry, 1989). Many of these chemicals are immiscible with water {in water, they remain as separate, nonaqueous phase 
liquids or NAPL}, but are sufficiently soluble in water to yield aqueous chemical concentrations above the drinking water 
standard for the chemicals considered. For instance, trichloroclhylenc (TCE; density 1,464 gfmL) has a drinking water 
standard of 5 pgf'L (Fecnstra and Cherry, 1988} and an aqueous solubility of 1470 mg/L {Banerjec tt nl, 19B0) 

When a DNAPL (an NAPL denser than water) is spilled in important quantity in the ground, its physical properties 
(high density, low solubility, and often low viscosity) allow it to penetrate deeply in the water saturated sone. The DNAPL 
may eventually become immobilised in the water saturated as well as in the vadose sone, in the form of disconnected ganglia 
dispersed through the soil column and of pools resting on less permeable itrata. The migration and immobilisation of NAPL 
in the subsurface are complicated phenomena, and were studied by other authors (e.g., Chat sis et ai., 1983; Morrow and 
Songkran, 198J; Sthwille, 19&8; Sitar el nl. t 1987; Wilson anr 1 Conrad, 1964). 

The fate of the DNAPL immobilized in a water saturated sone was of concern tn this study. If the solubility of many 
DNAPL is high relative to their drinking water standard, it is relatively low compared to the amounts spilled in the en- 
vironment, One litre of TCE could contaminate approximately 1000 litres of water at solubility limit, or approximately 3 
x 10* litres of water at drinking water standard level. This illustrates the potential that a smalt DNAPL amount has to 
contaminate large volumes of ground water. 

The concentrations of DNAPL in water, that determine the persistence and hazards of the contamination source, depend 
sol only on the configuration of the DNAPL sones in the ground but also on the kinetics of dissolution A knowledge of the 
effect on dissolution kinetics of various parameters {soil pore structure, ground water velocity, amount of NAPL entrapped) 
would also allow for a better design of remedial measures. 

114 







Tabic fl.]; Column ChaiJictemLics. 
















DNAPL 


Pole 


Column 


Diameter 


Sand 


Length' 


Length 


Volume 


Reaidu&J 


velocity 




(em) 




(cm) 


(cm) 


(ml) 


saturation 


(cm/ll) 


1-P 


2.7 


#20-30 


18 


5.5 


2.1 


0.110 


9.79 11.32 


ID 


2.7 


#20-30 


19 


8.5 


2.3 


0.130 


9.89-10.61 


2-M 


5.1 


Mixed 


31.8 


10.0 


12.5 


186 


75-14.60 


1-U 


5.1 


#71 


32 3 


8.8 


1055 


IP 164 


0.87-13.10 


J-l 


5,1 


#20-30 


32.9 


10.8 


11.8 


0.157 


4.64-5.56 


3-2 


6.1 


Cwdfd* 


34.0 


100 


9.9 


0.173 


5.55-6.58 


3-3 


5.1 


#T1 


34.1 


11.6 


12.65 


0.165 


4.73-5.70 


3-4 


5.1 


#71 


32.5 


106 


10.05* 


0.131 


11.41-12.55 


•) wtu g 


radrtl mixec 


und 













b) Length of (and lone, including sand above ptunger-type Kr«n. 
e) Approximate volume only, out; measurement not recorded. 

0.2 Literature Review 

To dale, « few experimental studies were published on the dissolution of NAPL in water flawing through porous media 
columns oi troughs. Studies on muliicomponent NAPL (fcf., petroleum hydrocarbon mixtures) dissolution showed evidence 
of selective dissolution, i.e.,, dissolution and complete disappearance of the more voluble components from the mixture, each 
in turn, u dissolution proceeded (Bastien ei af., 1977. Pried tt al., .079; Ramanantsoa ei al, 1986; Rimmelin el al , 1966; 
ZiUiox et al., 1&7B); however, the detection limits of methods used to measure aqueous concentrations were often high {van der 
Waarden et aJ, T 1971; Zilliox et al., 1973), preventing detection of trace amounts of (be component* that may have remained. 
Analytical methods used m tome studies on single component residual (disconnected ganglia) NAPL dissolution had much 
!i'»tt detection limits A finding of same studies was that equilibrium (solubility limit) aqueous concentrations prevailed for 
a period of time (Anderson, 1^8fi, Imhoff et al., 1989) However, the experimental conditions (water velocity, pore structure, 
and NAPL emplacement) were often not representative of those expected in the field (Geller and Hunt, 1989; ImhotT ei ai., 
1H69, Miller -tt ai., 1990). Furthermore, none of the experiments presented were carried out until complete exhaustion of the 
NAPL source; the largest amount of source depletion reported was 8*3% (SehwiHe, 1988)- And yet. some effects of kinetic 
limitation to the dissolution of NAPL could become apparent only when most of the NAPL has dissolved. 

0.3 Objectives 

It was therefore decided to experimentally investigate the dissolution of a single component residual DNAPL in water flowing 
through sand columns. The experiments were to be carried out until or as close as possible to exhaustion of the DNAPL 
source. Other factors investigated besides the DNAPL source exhaustion were the effect of ground water velocity and sand 
sue distribution on dissolution kinetics. TCE was selected as the DNAPL, because it ts one of the five most commonly 
found organic chemicals in ground water in the United States (FeensUa and Cherry, 1988) and had the desirable properties 
(relatively high solubility and low vapour pressure). One experiment {Column 3-4) was carried out with ehlorobeniene (CLE) 
instead of TCE, to assess the effects of the chemical n-n the dissolution rate. The data were reproduced with a finite element 
code solving the conservation of mass equations, yielding mass transfer coefficient! lo be used when predicting DNAPL 
contamination severity and source Life under natural as well as induced {e.g., pump-and- treat remediation) conditions. 



0.4 Experimental Procedure 

The experiments were carried out in glass columns. Table 0.1 presents the main characteristics of the columns. Silica sands 
were used. Sand siie distributions are presented in Figure 0.1; not shown is the #20-30 sand, that passed the No. 20 and 
was retained on No. 30 U.S. sieve. In the 2.7 cm di«- columns, the sand, supported by glass beads, was poured dry in the 
columns. In the 5.1 em dia. columns, the sand was wetted (10% w/w with water), mixed and compacted in 1 cm layers, 
it was supported by a stainless steel screen and compressed against it by a plunger-type screen (Lamarthe, 1991). The 
compressed sand zone length accounted for ovei 80% of the total sand sone length given in Table 0.1 (sand was added above 
the plunger-type screen to fill the column cap). 
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After poking, the columns were purged with COj, and flooded with degassed water (degassed by boiling and rapidly 
cooling). The DNAPL (TCE, CLB for Column 3-4) was forced up and then allowed to drain from the water saturated wind; 
ihe entrapped volume was recorded. Except for Column 1-P, the DNAPL was dyed red; the sand containing residual DNAPL 
appeared pink, in order to measure the length of contaminated (and lone and to compute the DNAPL residual saturation 
{Table 0.1). 

Degassed water was pumped through the column* at pore velocities (Table 0.1 ) around the upper range of typical ground 
water velocities in uniform sand and gravel aquifers (11.4 tm/ik, Mackay ft al., 1935). Flow rates and effluent aqueous 
DNAPL concentrations were monitored daily (or at longer regular intervals for the end of the experiment in Column* 1-P 
and ]-D). Flow rates were kept as close to constant as possible except in Columns 2-M and 2-1'. in which they were varied. 

0.5 Experimental Results and Discussion 

The concent rations and velocities are plotted against time for Columns 2-M and 2*U in Figure 0,2. Note the exaggerated 
concentration scale necessary to show the low concentrations on the bottom graph. Some TCE was entrapped between the 
sand support plate and gifts* wall in Column 2-U and stalled dissolving only at 13 1 & k, approximately. Due to this TCE 
dissolving, the effluent concentrations of Column 2-U w«e not proportional to those of Column 2-M between 131& and 1465 
h. The Column 2-U "corrected" data were computed to reflect that proportionality {to the data of Column 2-M) observed 
before 1315 h and after 1465 h The TCE around the support plate was probably also responsible for the slower rate of 
decrease of concentrations in Column 2-U, but that could not be accounted for with (he available data. 

The bottom graph of Figure 0.2 shows the inverse proportionality between concentration and velocity {it., higher concen- 
trations at lower velocities) that was expected for kinelically (as opposed to solubility) limited mass transfer. The relationship 
was not linear, however, and relatively more mass of solute came out of the columns at lower velocities. This observation 
could have an impact on source life computations and remediation schemes design. 

The data of all experiments were normalised by dividing the effluent concentrations by the average maximum concentration 
for the respective experiment, and multiplying the lime elapsed by the water flow rate and dividing by the void volume of 
the DNAPL contaminated sand ione to compute the number of pore volumes. The normalised data for all experiments are 
presented in Figure 0.2, on semi -logarithmic axes, 

Figure 0.3 shows that all data sets exhibited the same general behaviour, thai is, an initial period of high effluent 
concentrations followed by a sharp drop to low, slowly decreasing concentrations. The low concentrations were al least one 
hundred times (mailer than the high concentrations. 

The high concentrations ranged between 70 and 95% of solubility limit values found in Ihe literature. This indicated that 
solubility limited mass transfer prevailed initially, and was in agreement wilh observations made by other authors (Anderson, 
19&S; Bastien et of., 1977; Fried el al, 1979; Millet ef *L, 1990; SchwiUe, I9S8. Zillion ei at, 1978). 

The long period of low, slowly decreasing concentrations was nol discussed in the literature to date. Table 0.2 presents 
the amount of DNAPL removed at the beginning of the low concentration period (termed "plateau" in the table). Most 
experiments reported in the liteiatur* were interrupted before that period of low concentrations could even be observed 
(when 86% ot less of the DNAPL source was exhausted). And yet the low concentration periods were observed in each 
experiment performed in this study- They were observed for 169 to 1631 pore volumes (Table 0.2), and were terminated only 
by interruption of the experiments. Effluent TCE concentrations at the end of the low concentration period were over forty 
times larger than the drinking water standard (Table 0.2). 

The CLB was more difficult to quantify than TCE, and the mass balance calculation could be in error. However, the 
milder rate of sharp decrease in concentrations and largeT amount remaining in Column 3-4 at the beginning of the low 
concentration period indicate tbat the chemical had an effect on the kinetics of dissolution. 

The different sands used did not appear lo have an important effect on the dissolution rates of TCE, however. The rate 
of sharp decrease in concentrations was similar for most TCE columns (Figure 0-3)- The different rate observed in Column 
2-U can be attributed lo the TCE lhal was trapped around the sond suppoit ring. Column 3-2 also exhibited a milder rate 
of decrease in concentrations for part of the sharp drop period, but Ehal was probably caused by an isolated pocket of TCE 
that could be seen in the sand, against the glass wall, to dissolve slowly; that pocket extended only through pari of the 
cross-section of the column. The pocket, just like the visible DNAPL in ail columns, had completely vanished by the time 
the low concentration period started. 

Evidence offered by the experiments described above and by complemental experiments (Lamarehe, 1991) led to conclude 
that the long periods of low concentrations observed in each dissolution experiment were not caused by the DNAPL having 
been adsorbed and desorbing slowly or by it being present in the dissolved form in dead lone* inside the column. The 
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Table 2: Concentrations and Mm Balance. 
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DNAPL, present u a separate phase, did no* dissolve slowly due to accumulation of dye at impurities in it ot to the pretence 

a!" isolated pockets of DN A PL in the columns 

It was concluded that the long periods of low concentration resulted from the remaining portion orDNAPL being entrapped 
In to* permeability tones in the sand {dead-end pores, or micro-aggregates; Moutijn and Van Swnaij, 3 976; VolJtov et a! , 
1986) Dissolution and transport from these low permeability sones being slow, the result is low concentrations and a long 
source life 

0.6 Modeling 

The general behaviour of the data could not be reproduced with a one-region model (normally used to describe dissolution; 
Miller el «(., 1990, Powers el a)., 1991). and a two-region (bicontinuum) model was lequirrd la a bicoBUnuum model, the 
DNAPL mass is separated in two corlioru, one that dissolves rapidly and the other dissolving slowly. Figure 0.4 shows the 
results of simulations of the data of Column 2-M with the biconlinuum model 

If the genera] behaviour was reproduced with the bkontinuum model, there were still discrepancies. This observation 
led to the suggestion of a conceptual mode! that is believed to better if present the physics of dissolution of DNAPL in 
the soil. In this model, the soil is considered to consist of different pore categories (pores or groups of pores of different 
permeabilities! from which DNAPL dissolution proceeds at different rot«, The model is thus not a bicontinunm model 
(two rates of dissolution only), but rather a "multkontinuum" model. The dissolution rate of residual DNAPL and ill 
variation at dissolution proceeds then reflects the effect of the disappearance of DNAPL from some pore categories with 
time This approach contrasts with that found in the literature so tar, where the dissolution tale was assumed constant in 
time or correlated to the NAPL residual saturation (Miller «< *'., 1990) without regard for the pore structure and DNAPL 
distribution More details on the modeling can be found in Lamnrche (1991) 

0.7 Summary and Conclusions 



The major findings of this study could be summarised at follows 
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1- Equilibrium {solubility limit) concentrations initially resulted from the dissolution of residual DNAPL in wnteisaturiited 
sand columns. 

2. When most of the DNAPL source was exhausted, however, much lower, and slowly decreasing, concentrations were 
observed; a) these low concentrations were affected by ihr water flow rate (kinelically controlled mass transfer), ti| the 
relationship of mass transfer to flow rate was not linear, and <) the concentrations were observed for long lime periods, 

3. Different chemicals had different dissolution rates. 

4. Different sand sise distributions apparently did not affect the rate of dissolution of TCE. 

5. The mulliconlinuum conceptual model appears to better describe the physics of dissolution; however, a bicontinnum 
model allowed to reproduce the general behaviour of the data 

Practical consequences of these findings are; 

a) A DNAPL spilled in the soil, even in homogeneous soil with no targe scak heterogeneities, could provide a long term 

source of contamination 

b) the kinetics of dissolution should be taken into account when evaluating source life ot designing remedial measures 
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ABSTRACT 

A major problem resulting from the disposal of waste in landfill sites is the generation of large 
quantities of leachate which may move out of the fill and contaminate associated surface and ground 
waters with toxic metals. The charged surfaces of soil and sediment panicles are able to form complexes 
with metallic cations and anions and thus can attenuate these tonic pollutants. The extent of attenuation 
is however very pH^Jependent and, in addition, soluble complexant ligands, such as chloride. CI . car, 
compete with the charged surfaces for the small amounts of toxic metals in solulmn and thereby reduce 
their retention by soils and sediments. The objective of this study was to assess the influence of pH and 
CI ions on metal retention in soil by measuring the adsorption of Zn, Pb, Cd and Hg in the presence of 
a completing ligand, CI , and a non-complexing Hgand. perchlorale, CIO. . The result, showed that at 
the pH where the relative proportion of total added metal retained in the presence of 0.1 M perchlorale 
was SO*, the corresponding proportion retained from a 1 M CI Solution was 48* for Zn, 40* for Pb. 
22* for Cd and < 5* for Hg. The relative effect of CI ions on suppressing the retentton of these Mil 
was found to be proportional to the formation constants of their aqueous CI complexes. The effect of pH 
and CI ions on metal retention is currently being modelled using a number of surface comple.at.on 
models. A major problem associated with this modelling is the lack of thermodynamic data for the surface 
complexalion reactions. 

INTRODUCTION 

Untfln leachates often contain high concentrations of both toxic metals and complexant inorganic 
and organic ligands (Bolton and Evans, 1991) Of environmental concern is the possible movement of 
these metals from the landfill to surrounding soils and sediments. This movement may cause 
contamination of associated surface and ground waters. Organic and mineral panicles contained w.ihin 
soils and sediments carry electrostatic charges and thus may attenuate these toxic metals by forming both 
inner- and outer-sphere complexes with charged metallic cations and anions (Evans, 1989). Mtt als in 
solution may exist as Individual ions or as complexes with various inorganic and organic ligands In order 
to ascertain the fate of a given metal in soils and sediments the specialion of the metal in solution nrusi 
be known. 
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The formation of metal complexes in solution can affect the retention of metals in a number of 
different ways. Complexanl ligands in solution thai form strong complexes with the metal can compete 
with ihe surface complexes on soil and sediment panicles. The magnilude of this effect will depend on 
both the formation constant of the aqueous metal ligand species and the soil or sediment surface 
complexation constant fur the metal. Clays with permanent negative charges are common constituents of 
soils and sediments and metallic cations form weak outer -sphere complexes with these clay surfaces. 
However metal ligand completion reactions may result in soluble complexes with neutraJ or even 
negative charges and these complexes would not be retained by clay surfaces, in addition, if a mineral 
phase controls the equilibrium solution concentration of the free metal then any compilation reactions 
will increase the total amount of metal in solution, i.e. the sum of the free metal plus the completed 
metal species, will be increased. This mechanism may be responsible for increased metal concentration 
in solution when ligands are present that form strong complexes with the metal (Hahne and Kroontje, 
1973). 

Of direct relevance to metal mobility in landfills in Ontario is the observed increased mobility 
of metals due to complex formation when chloride levels are increased dramatically during disposal of 
large quantities chloride containing wastes, such as those from food processing wastes and road grits 
contaminated with residual road salt. Increased leaching of metals due to elevated concentrations of CI 
ions has been noted previously (Dormer, 1978) 

This work reports on the role of pH on metal retention and on the influence of the complexant 
chloride ion, CI . on Ihe chemical specialion and retention by a soil of the four metals Zn, Pb, Cd and 
Hg The effect of CI on the adsorption of the metals by soil has been determined by comparing the extern 
of relention uf the metal in the presence of CI with that obtained in the presence of the non-complexing 
ligand perchloraie. CIO.'. 

MATERIALS AND METHODS 

Adsorption experiments 

A soil sample from the Ap horizon of the Welland series (Orthic Humic Gleysol, Typic 
Humaquepl) was air dried and ground to pass through > 2mm sieve. This soil had a clay content of 50%, 
an organic C content of 3% and an initial pH measured in O.OIM CaCI, of 4 23. 

A suitable range of pH values was obtained by adding appropriate quantities of i M LiOH or I 
M HCIO. to SO ml centrifuge tubes containing 100 mg of soil in either 25 ml of I M LiCl or 1 M 
LiCIO, solution. After equilibrating at IS'C for 8 days, aliquots of either Zn, Pb. Cd or Hg solutions 
were added to the tubes to obtain initial metal concentrations of 2.0 x I0*M for Zn and Cd and 3 x 
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10" M for Pb and Hg These concentrations were chosen to minimize the possible precipitation of metal 
hydroxides or carbonates at higher pH values. The solutions were shaken at 25"C for a further 24 h, the 
tubes centrifuged and the solutions filtered through 45 fim filters. The content of metal remaining in 
solution was determined on a LECO PLASMARRAY ICP ■ AE spectrometer. A HACH free diffusion 
junction electrode was used to measure the pH on the remaining solution. The adsorption experiments 
were carried out in duplicate. 

Metal specialion calculations 

in estimate the relative proportions of soluble complexes of Zn. Pb, Cd and Hg as a function 
of pH and CI ion concentration a simple metal equilibrium spectation model was written. The complexant 
inorganic ligands considered in the mode! were OH , CI', HCO, and C0, ; . The concentrations ol HCO, 
and CO, 2 were calculated assuming an atmospheric partial pressure for CO. of 0.00032 aim. Calculations 
of the equilibrium chemical specialion of metals as a function of pH can he obtained from a knowledge 
of the total concentrations of all metals. )Me} t . the total concentrations of complexant ligands. (L) T , in 
solution and the equilibrium formation constants. 0^. of all complexes under consideration. 

The eomplexation of a divalent metal. Me-"", with aligand. L' . to form a mononuclear complex. 
MeL„ : '■ ", where n is the number of complexant ligands, can be described by:- 

Me : " + nL' t* MeL»°* " (I) 

A ' MCt -l 

Sm ~ {MeHLp " B 

Total metal, (Me} T in solution is thus considered to he made up of the free ionic form, Me : ", plus the 
twelve complexed species and the mass balance is shown by the following equation:- 

{Me} T = (Me ! "} + {MeOH} + {MefOHi/} + [Me(OH),) + {Me(OH)< : | + [M«CTJ + 

(MeCI = -f + {MeCI,} + JMeCI, 2 ) + (MeHCO, 1 ) + |MeCO,"} + (MetCO,).-') (3) 

By including all the relevant equilibrium formation constants, equation (3) can he rearranged to give: 

(Me lt = m* ri - *,, + ^ + *p + ^ + Mcrj ♦ waf + 

way + mci r + e,!Hco, j + ejco/i + /uccv n i4 

The contents of CI", HCO, and CO,' can calculated from the following equations: 

{C1) T - [CI J + 0,!Me-'*!!CI! + ,3 s {Me ! *}{Cr} J + S,{Mr*){Cli> + j3,{Me : }{Cir (5) 

{HCO}, - K,,K H/ >CO :w /|H-| (6) 

{CO/} = K,,K, ? K H pCOV{H) : (7) 
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where K,, and IQ, are the dissociation constants for carbonic acid, K H is the Henry's Law constant 
and pCO. is the partial pressure of carbon dioxide. 

Table 1 . Formation constants for the aqueous complexes of Zn, Pb, Cd and Hg' 
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t Values taken from Turner et al. (1981) and Gunneriusson and Sjoberg ( 1 99 1) 

RESULTS AND DISCUSSION 

The relative proportion of added Zn, Pb, Cd and Hg adsorbed in the presence of 0. 1 M solutions 
of complex forming CI ions and non-complex forming CIO, ions tor a range of pH values are shown 
in Figures la, b. c and d. The 0. 1 M CI ion concentration chosen for the study is comparable with CI 
ion concentrations found in local landfdl leachates with a CI ion concentration of 0.07M having been 
reported for the Guelph landfill leachate (Bolton and Evans, 1991). 

The results reported here indicate that the proportion of metal adsorbed increases to a maximum 
with increasing pH. In the CIO, ion electrolyte the pH at which the relative proportion of adsorbed metal 
reached SOS increased in the order Hg, Pb, Zn. Cd This order corresponded to the increase in the value 
of the hydrolysis constants for the formation of the aqueous MeOH' species. This relationship between 
the tendency of a metal to adsorb onto a particle surface and its ability to hydrolyse in water has been 
noted previously by Schindler and Stumm (1987). The resulis of the adsorption experiments in the 
presence of CI ions showed that the decrease in metal adsorption relative to that in the CIO," solution 
increased in the order Zn < Pb < Cd < Hg. The effect was most pronounced for Hg with there being 
virtually no adsorption in the presence of CI ions for values of pH less than 7.0. The effect of CI ions 
on metal retention is directly related to the ability of the metals to form soluble complexes with CI" ions. 



The equilibrium formation constants of the various metal species used to construct the various 
speciation diagrams arc shown in Tahle I. The relative proportion, a„ of each species MeL, is then 
defined as !MeL,)/(Me} T . for example. a,.„ = {CdCI' |/{Cd}». Results from the calculations on the 
chemical speciation of the metals showed that speciation is greatly influenced by presence of CI ions 
(Figures 2 and 3). In the presence ofO.lM C! the proportion of non-complexed Zn : '. for example, is 
74%, whereas for Cd 7 ' it is 7%, Similarly, for Cd the neutrally charged species CdCI," constituted 27% 
of (Cd} T over a large pan of the pH range. Calculation on the speciation of Hg revealed that in the 
presence of CI ions for the pH range 3-7, 80% of the Hg was present as the neutrally charged HgCI.'\ 
ami that significant proportions of negatively charged HgCI," and HgCV species were also present. 

The results of this study suggest that high concentrations of CI ions in solution can decrease the 
retention of metals such as Pb, Cd and Hg hy soil. These results are in contrast to those for Zn where 
very little difference in metal retention was observed at high Ci' ion concentrations. The results suggest 
Caution in the disposal of large amounts of NaCI containing wastes, such as salt contaminated mad grits 
and food processing wastes. Further studies are required to determine the surface completion constants 
of metals with soils and sediments to improve prediction of metal retention and to investigate further the 
effects of other eomplexant ligands commonly found in landfill leachates. 
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Figure I . Adsorption of (a) Zn, (h) Pb, (c) Cd and (d) Mg onto soil as a function of pH in the pr esenc< of 0. 1 M LiCI and 0. 1 M LiCI0 4 . 
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Figure 2. Speciation of Zn (a and h) and Pb (c and d), respectively, in the presence and absence of 0. 1 M CI solution. 
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Figure 1. Speciaion of Cd {a and b) and Hg (c and d), respective! y . in the presence and absence of 0. 1 M CI solution. 
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introduction 

[t is alleged that there are some 6(),l)flfl chemicals in current commercial production, with 
approximately 1000 being added each year. Of these, perhaps 50(1 are of environmental concern 
in Ontario because of their presence in detectable quantities in various components of the Great 
Lakes Ecosystem, their toxicity, their tendency to bioaccumulate. or (heir persistence. A view is 
emerging that some of these chemicals are of such extreme environmental concern that alt 
production and use should cease, i.e. as a global society we should elect not to synlhesise or use 
them. They should be "sunsetted", PCBs, "dioxins" and freons are examples, A second group 
consists of chemicals which are of concern because they are used or discharged in large quantities, 
or (hey are unusually (oxic or persistent. They are, however, of sufficient value to society that their 
continued use is justified, but only if we fully understand and control their sources, environmental 
fate, the exposure experienced by organisms, including humans, and ultimately their effects. This 
understanding is essential if society is to be assured that there are no adverse ecological or human 
health effects. Other less harmful chemicals can be treated with less rigor. 

If we accept this "cradle to grave" approach, we must improve our skills in assessing chemical 
fate in the environment. We must improve our understanding of chemical sources, how they 
migrate in and between the various media of air, water, soils, sediments and their biota which 
comprise our biosphere. We must understand how these chemicals are transformed by chemical 
and biochemical processes and (hus how long they will persist in the environment. We must 
understand how, and to what extent, organisms become exposed to these chemicals and ultimately 
the nature of the effects which they may have on the multitude of interacting organisms which 
occupy these media, including ourselves. 

It is now clear that (he fate of chemicals in the environment is controlled hy a combination 
of two groups of factors. First are the conditions prevailing in the environment such as 
temperature, flows of air. water and solid malterand the composition of these environmental media. 
Second are the properties of the chemicals which influence partitioning and reaction tendencies, and 
determine the environmental behavior of the chemical, such as evaporation or association with 



sediments, and possible destruction by conversion to other chemical species. These factors combine 
to control concentration in various environmental media, especially the "human exposure media* 
of air, water, fish, vegetation and domestic animals which comprise our diet, 

During the last few years we have been working with Ministry support to develop models 
of chemical fate and exposure. Some results of this effort have been published recently (Mackay 
and Paterson 1991), thus in this report we focus on one aspect of this on-going effort, namely the 
development of a generic environmental fate and exposure model which can be applied to Ontario 
and to other jurisdictions. The model has been designed to be very simple, robust, and readily 
adaptable to other regions. 

Environmental Fate Calculations 

We believe that the preferred approach is to conduct three calculations of increasing 
complexity, namely Level I, II and III fugacity evaluations. Only a brief review is presented here. 

In the generic model the region selected has an area of 100,000 km J which is about half the 
area of Southern Ontario, with 10% water, 90% soil and an atmosphere extending to a height of 
1000 m. These volumes and areas and the composition of the soil and sediment can be readily 
varied. 

The Level I calculation describes the partitioning at equilibrium of a given amount of 
chemical (typically 100000 kg or 100 tonnes) between six media of defined volumes, namely air, 
water, soil, bottom sediment, suspended sediment and fish. Table I summarises the media 
dimensions, Z values and the environmental distribution of 1,2,3 trichlorobenzene (TCB). Nearly 
80% partitions into the atmosphere with 18% in soil. 

The Level II calculation simulates a situation in which chemical is continuously discharged 
into the multimedia environment (typically al a rate of 1000 kg/h) and achieves a steady-stale and 
equilibrium condition at which input and output rates are equal. The task is to deduce the rates 
of loss by reaction in all media and advection in air and water and by sediment burial. From 
experimental reaction rate data for each chemical, a first order rate constant or half-life is selected 
for each medium. Often these rates are in considerable doubt. 

Table 2 gives an example for TCB indicating that this chemical tends io be removed mainly 
by advection in air (88%) hut with 11% removal by reaction in air. It will persist for approximately 
1 10 hours or 4.5 days. 

The third Level III calculation avoids the assumption of inter-media equilibrium, which is 
recognized as being excessively simplistic :ind even misleading. In the inieresis of algebraic 
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Level It distribution and removal rates of 1,2,3 Trichlorobertzene 
(TCB) for a continuous discharge of 1000 kg/h 
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simplicity only the four primary media are treated for this level. The task is to develop expressions 
for intermedia transport rates of the various diffusive and non-diffusive processes as described by 
Mackay ( 1991). This is done by selecting values for 12 intermedia transport velocity parameters 
which have dimensions of velocity (m/h or m/year), and are applied to all chemicals. These 
velocities are used to calculate seven intermedia transport parameters which depend on the 
environmental conditions and the chemical. 

It is desirable to calculate new "bulk phase* properties for the four primary media which 
include the contribution of dispersed phases within each medium as described by Mackay and 
Paterson (1991). The air is now treated as an air-aerosol mixture, water as water plus suspended 
particles and fish, soil as solids, air and water, and sediment as solids and pore-water. The necessity 
for introducing this complication arises from the fact that much of the intermedia transport of the 
chemicals occurs in association with the movement of, or in, these dispersed phases. 

Four steady state mass balance equations can be written, one for each medium, resulting 
in a total of four unknown fugacities, enabling simple aglebraic solution. From the four fugacities. 
the concentration, amounts and rate of all transport and transformation processes can be deduced, 
yielding a complete mass balance. 

The new information from the Level III calculation is the effect of intermedia transport on 
chemical fate, i.e the extent to which chemical discharged into one medium tends to migrate into 
another. This migration pattern depends strongly on the proportions of the chemical discharged 
into each medium, indeed the relative amounts in each medium are largely a reflection of the 
locations of discharge. It is difficult to interpret these mass balance diagrams because, for example, 
chemical depositing from air to water may have been discharged to air, or to soil from which it 
evaporated, or even to water from which it is cycling between water and air. 

To simplify this interpretation, we find that it is best to conduct three separate Level III 
calculations in which unit amounts (1000 kg/h) are introduced individually into air, soil and water 
and a fourth with discharges into all media in appropriate amounts. Direct discharges to sediment 
are unlikely and are not considered here. If, for example, the intermedia transport rate is small 
compared to the reaction and advection values, the discharged chemical will tend to remain in the 
discharge or "source" medium with only a small proportion migrating to other media. Conversely, 
if intermedia transport is rapid, the chemical is likely to become widely distributed. This behaviour 
is observed for persistent substances such as PCBs which have very low rates of reaction. 

Table i gives an illustration of this calculation for TCB. 
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Illustrative calculation of media concentrations 
and human exposure routes of TCB. 
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A notable feature of this assessment is that chemicals do not have a single behaviour profile, 
their behaviour, concentrations and hence exposure are profoundly affected by how they enter the 
environment. 1 kg of chemical discharged to air, water or soil result in very different sets of 
concentrations and thus human exposures. Perhaps discharges to different media should be 
regulated quite differently. 

The final product of the Level HI calculation is thus a series of concentrations (arising from 
discharges to air, water and soil) in the bulk media, and in the components of these media such as 
fish and soil solids 

Exposure Media < oneentrations 

The next step is to deduce concentrations in human exposure media. Concentrations in air, 
water and soil (which may be inadvertently ingested) are readily calculated. Fish concentrations are 
deduced using a bioconcenlraiion factor. A major task, which has been the focus of much of our 
attention, is the estimation of concentrations in vegetation (e.g. Paterson and Mackay 1989, 1991 
and Paterson el. a). 1991). Briefly, we believe that it is reasonable to assume that root vegetables 
achieve equilibrium with soil, and foliar vegetation with air. The remaining problem is to assign 
fugacity capacities to various plant tissues. Expressions have been developed to calculate these 
values (Paterson and Mackay, 1991). 

More difficult is the calculation of concentrations in domestic animals and dairy products, 
although progress is being made in estimating bio-transfer factors along these food chains. 

The final resuli is a series of concentrations in these exposure media in units such as g/m s . 

Exposure 

From published information on rates of inhalation, water and food consumption for groups 
of individuals it is possible to suggest rates of exposure to the various media in units such as 
m'/day. For example, for air 20 m'/day may be appropriate, with 0002 m 3 /day applying to water. 

The last step is simply to estimate exposure as the product of media concentrations and 
consumption rates, i.e. 

g/day » g/m ] x m'/day 
The total exposure can be estimated and the dominant exposure routes determined. Table 4 
illustrates this calculation for TCB. For this multimedia chemical, approximately (3% of total 
exposure is due to air inhalation, with (>% due to consumption of fruit and vegetables and 1% each 
due to ingestion of fish and water. 



Management and Regulation 

From the regulatory viewpoint, these results can be used in several ways. 
It is possihle to compare media concentrations with objectives or guidelines, for example 
Provincial air or water quality objectives, 

An interesting aspect of objectives-setting emerges from this analysis. The model predicts 
the fugacities in the various media. Often, these fugacities are fairly similar, i.e. they often lie 
within an order of magnitude of each other although air fugacities tend to be lower as a result of 
rapid advection. This is especially the case for persistent chemicals which survive long enough in 
the environment to approach thermodynamic equilibrium. If this behaviour is accepted, it can be 
argued thai multimedia objectives should take into account this tendency, i.e. the objectives should 
be concentrations which are fairly close to equilibrium. It is pointless to have an objective for water 
which corresponds to an intolerable air concentration, because water near the objective can only 
occur in association with air in close contact with it which exceeds the air objective. Likewise fish 
concentrations should relate to the corresponding equilibrium water and sediment concentrations. 
It is important lo discriminate between development of objectives using this multimedia 
equilibrium assessment of exposure with mere consideration of all exposure media independently. 
An outcome of this argument is that a very simple approach to multimedia standard setting 
is to decree a single objective fugacity applicable to all media. Selection would be on the basis of 
the most strictly controlled medium from an exposure viewpoint. Work is currently underwav to 
explore this issue in more detail. 

The second application is that the total dosage can be compared with lolerable daily intakes 
and the primary routes of exposure determined 

Third the results can be used to suggest environment! and food baskel monitoring strategies 
for chemicals by indicating the likely magnitudes of concentrations which will result from specified 
discharge rates. Often, the model calculations show that these concentrations will be well below 
detection levels, so analysis is doomed to yield "non delects." 

Fourth, for new chemicals the only feasible method of assessing likely exposure, and thus 
tolerahle discharge rates, is by some form of modelling approach as described here. 

Finally, it is now increasingly accepted that some chemicals should be "sunselted." This is 
likely to become a contentious process when chemicals in profitable commerce are subjected to 
scrutiny as candidates. The selection process should thus be based on a foundation of sound 
science, with chemicals being assessed rationally and openly for relative hazard. Models of the type 
described here can play a role in this process. 



Conclusions 

A generic modelling approach has been described in which chemicals are subjected to 
increasingly rigorous calculation of environmental behaviour with subsequent estimation of 
concentrations in exposure media and of exposure or dosage, It is believed that the approach can 
be readily adapted to specific regions such as parts of Ontario and can contribute to more effective 
multimedia environmental management of chemicals. 

It is a pleasure to acknowledge the Ministry of Environment's Hazardous Contaminants 
Coordination Branch who have supported this work during the last few years. 
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ABSTRACT 

Organochlorine concentrations were determined for 30 
relatively common species of the Lake St. Clair food web in order 
to quantify the importance of biomagnif ication in regulating 
chemical exposure dynamics in aquatic ecosystems. Specifically, 
organism / water fugacity ratios were developed for 
octachlorostyrene using total water concentrations (0.1 ng/L ) and 
bioavailable water concentrations ( 0.03 ng/L ). Theoretically, 
all aquatic organisms should be near chemical equilibrium with the 
water phase if water is the primary uptake route ( bioconcentration 
) : and at equilibrium, the animal / water fugacity ratio should be 
1. Measured values of the fugacity ratio for octachlorostyrene in 
Lake St. Clair were as high as 14 when calculated as a function of 
total water concentrations, and as high as 450 for bioavailable 
water concentrations. Fugacity ratios in Lake St. Clair are 
species specific, and are related to both the trophic position and 
the feeding strategy of the species. 



INTRODUCTION 
There remains considerable debate as to the relative 
importance of biomagnif ication ( the uptake of chemical from 
food ) in aquatic ecosysteias. For example, Hacek et al. ( 1979 ) 
considered biomagnif ication to be relatively unimportant in 
determining the distributions and levels of organic contaminants in 
aquatic food webs, whereas Borgmann and Whittle ( 1983 ) and 
Thomann and Connolly ( 1986 ) concluded biomagnif ication was an 
important process in Lakes Ontario and Michigan respectively. 
Although it is accepted that cheaieal uptake from water and food 
( bioaccumulation ) can result in an array of toxicological 
responses, the critical route of exposure remains to be resolved 
for many chemicals. 

It is important to resolve the role of biomagnif ication in 
regulating contaminant exposure dynamics in order to set water 
quality objectives and determine appropriate consumption 
advisories. The current inability to quantify exposure dynamics 
for the many chemical of concern has resulted in much confusion as 
to the establishment of cause - effect linkages in the field. 
Current strategies for setting environmental guidelines assume that 
thermodynamic models give a close approximation to chemical uptake 
and release ( exposure ), and consider biomagnif ication to be a 
relatively unimportant process in regulating chemical dynamics in 
aquatic ecosystems. 

Originally, water was considered to be the most important 
route of chemical uptake. Support for this argument was provided 
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by the close relationship of the bioconcentration factor ( BCF ) 
and the n - octanol water partition coefficient ( Kow ). 
Essentially, the BCF was found to be related to Kow such that; 

Kow = Lf * BCF ( 1 ) 

where Lf is the lipid content of the organism. Biological 
processes such as predator - prey relationships had no or little 
influence on regulating organochlorine concentrations in aquatic 
organisms. 

This thermodynamic approach is supported by the fact that the 
uptake and elimination of organic chenicals are passive processes. 
Thus it is impossible for contaminants to move against the chemical 
gradient. The thermodynamic model predicts that all organisms will 
have similar contaminant concentrations per unit lipid. It is 
possible to test the thermodynamic model by determining if 
organisms from different trophic levels and with different feeding 
strategies ( pelagic versus benthic ) are in or approaching 
chemical equilibrium with the water phase. 

The aim of this study was to quantify contaminant 
distributions in the Lake St. Clair food web. By assessing 
chemical concentrations based on lipid content, it was possible to 
test the prediction that there would be no significant difference 
in contaminant concentrations among trophic levels or between 
species belonging to benthic or pelagic food chains. Specifically, 
we measured chemical distributions using animal - water fugacity 
ratios ( fa / fw ) as developed by Connolly and Pederson ( 1988 ) . 



METHODS AND THEORY 
The fugacity of a chemical ( I ) is measured as a function of 
the chemical concentration in a given phase ( C ) divided by the 
fugacity capacity of the phase ( Z ) , ie; 

f = C/Z ( 2 ) 

The fugacity capacity of water ( Zw ) is inversely 
proportional to its Henry's Law constant such that 

Zw = 1/H ( 3 ) 

and the fugacity of a chemical in water ie therefore quantified as 

fw = CW * H ( 4 ) 

To determine the fugacity of a chemical in an organism ( f a ) , 
it is necessary to determine the fugacity capacity of organisms 
( Za ) , which is related to the lipid content of a particular 
organism. Assuming that n-octanol is a surrogate of the general 
lipid content of organisms, it is possible to relate the fugacity 
capacity of an organism to the octanol water partition coefficient 
of a chemical. The octanol water partition coefficient ( Kow ), is 
determined as the ratio of the fugacity capacity of a chemical in 
octanol divided by the fugacity capacity of the chemical in water 

Kow - Zo / Zw ( 5 > 

If octanol is accepted as a good surrogate of lipid , then 

Kow <*■ Za / Zw or 
Za = Kow * Zw = Kow / H ( 6 ) 

and the fugacity of a chemical in an organism is 

fa = Ca * H / Kow. ( 7 ) 

Therefore the fugacity ratio fa/fw can be directly determined as 
fa/fw = Ca / Cw * l / Kow. ( 8 ) 



Theoretically, if chemical uptake and elimination are 
primarily associated with the water phase, all organisms should 
reach or tend to a chemical equilibrium with the water phase such 
fa/fw = 1.0 . Values above 1 would not only indicate that 
biomagnification was occurring but would also indicate the 
relative importance of biomagnification. Values less than 10 would 
generally be insignificant with respect to the magnitude of the BCP 
for hydrophobic organochlorines which can range from 100,000 to 
over 10,000,000. Values over 100 would suggest important 
differences in exposure are occurring among species in the food 
web. 

A variety of species from among and within different trophic 
levels were sampled in the Lake St. Clair ecosystem during 1988 to 
1991 in order to determine if fugacity ratios were species 
dependent, and to determine if the measured ratios were related to 
trophic level and/or feeding strategies. Octachlorostyrene 
{ OCS ) was selected as the test chemical because of its high 
hydrophobicity, and because the major source of OCS in the Great 
Lakes is just upstream of the Lake St. Clair ecosystem. 

Total chemical concentrations in the water phase were 
determined by extracting 4 L of water with hexane. Bioavailable 
chemical concentrations were determined by deploying the freshwater 
clam ( Elliptic complanata ) which had previously been calibrated 
by Russell and Gobas ( 1989 ). After 21 day exposures, 
bioavailable water concentrations were determined as 

Cw = Cm / ( kl/k2 ) ( 1 - exp -k2t ) ( 9 ) 
Deployment sites were at the mouth and headwater of the St. Clair 



and Detroit Rivers respectively. 

Chemical analysis was performed by gas chromatography as 
described by Hebert and Haffner ( 1991 ) , All data were adjusted 
to express contaminant concentrations on a per unit lipid basis. 

RESULTS 

Fugacity ratios of octachlorostyrene for species of the 
pelagic and benthic food webs based on total water concentrations 
( 0.10 ng/L ) were small ( <14 ). Although there is some evidence 
for biomagnif ication, it would appear the process is not important 
in regulating contaminant concentrations in aquatic species when 
compared with bioconcentration. Differences in interspecific 
exposure dynamics were considered to be relatively small. 

It has been noted, however, that total water concentrations do 
not reflect the bioavailable compartment of truely dissolved 
chemical. As this is the compartment being tracked by biological 
systems, it would be appropriate to quantify the fugacity ratio 
with respect to this che»ical form. 

Figure 1 illustrates fugacity ratios based on bioavailable 
chemical concentrations for 30 species of the Lake St. Clair food 
web. Fugacity ratios ranged as high as 450, and there are strong 
interspecific differences. Plankton ( primarily zooplankton ) 
levels averaged 4, whereas ratios for forage fish species ranged 
between 2 and 20, the lowest ratio was associated with brook 
silversides ( Lab idesthes sic culus ) which are obligate surface 
feeders and the highest with the benthic feeding bluntnose minnow 
{ Pimephales not atus ) and with alewifes ( Alosa pseudoharengus ) 
( Figure la). 



Benthic invertebrate species had fugacity ratios similar to 
that observed in the pelagic food web ( 2 to 16 ) ( Figure lb). 
This is not unexpected in a shallow, productive lake where most of 
the benthic organisms will be feeding on the rain of planktonic 
naterial falling out of the water column. 

Much higher ratios ( fa/fw > 50 ) were observed for larger 
benthic vertebrate species such as carp and channel catfish 
( Cvprinus earpio . Ictalurus punctatus ) , and for true piscivores 
like walleye and smallmouth bass ( Stizostedion vitreum , 
Micronterus dolomiem ) where fa/fw > 70 was commonly observed. 
Ratios over 100 were observed for benthic invertebrates such as 
stonecats , redhorse and the predatory northern pike f Hoturus 
XiflVUS , Moxostoma ervthrurum . and Esox lucius respectively ). 

DISCUSSION 
Animal / water fugacity ratios for organisms in the St. Clair 
ecosystem strongly support the hypothesis that food web dynamics 
can play an important role in determining contaminant exposures. 
The consistency with which larger benthic vertebrates exhibit high 
ratios, ( also observed within the forage fish trophic level), 
suggests that species comprising the benthic food web are exposed 
to higher concentrations of chemicals than species occupying 
equivalent trophic levels of the pelagic food chain. The high 
levels observed in pisciovores such as pike and smallmouth bass can 
be a function of both intenive trophic interactions ( such as 
cannibalism ) and strong benthic - pelagic couplings. In the food 
web of Lake St. Clair, benthic - pelagic coupling occurs primarily 
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at the trophic level of the forage fish. In deeper lakes , this 
coupling might be at a lower trophic level based on the relative 
abundance of invertebrates such as Wvs i s , Gamma r us and Diporeia . 
These species effectively create another trophic interaction 
between the sediments and the pelagic sport fish, and result in 
further potential to augment the importance of the biomagnif ication 
process. Essentially, the fugacity ratios observed in Lake St. 
Clair might well be minimal, based on the dominating effect of the 
plankton on benthic levels, the lack of microbial loops to process 
the sediment ing particulates and the coupling of benthic - pelagic 
food chains occurring only at a higher trophic level. 

The interspecific differences in the fugacity ratio reported 
in this study are temporally stable, in that the pattern is 
consistently shown by data collected annually over a three year 
period. This pattern is important in both the setting of both 
water quality guidelines and for setting consumption advisories. 
Only be describing and quantifying the exposure dynamics of 
chemical will cause - effect linkages be developed. As quantified 
in this study, exosures are higher in benthic food webs as a result 
of biomagnif ication. These higher exposures might well be a major 
factor in the prevalence of toxicological stress indicators 
observed in the benthic food web. 
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FIGURE ONE 
Fugucity ratios ( fa/fw ) for 30 species of the Lake St. Clair food 
web. ( Mean + s.e. ) . Figure la summarizes the ratio for the 
pelagic food web, and Figure lb summarizes the ratio for the 
inverebrate benthic food web. Figures lc. Id and le illustrate 
fugacity ratios for benthic vertebrates and piscivores of the Lake 
St. Clair food web. 
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INTRODUCTION 

Polychlorinated bipyhenvls (PCBs) are a group of ubiquitous, man- made chemicals that, through 

atmospheric deposition (Eisenreich et. al.. 1981; Patton et al., 1989), have spread throughout 

aquatic environments resulting in contamination of biota, sediments and vegetation. In the early 

1980's, monitoring of Pottersburg Creek, London, Ontario revealed that much of the creek 

sediments were contaminated with PCBs resembling mixtures of Aroclor 1248, 1254, and 1260. 

Remediation efforts between 1985 and 1986 included the removal of sediments from the most 

contaminated areas of the creek, however, in the fall of 1987 subsequent monitoring of the 

remediated areas revealed that the sediments had become recontaminated. The discovery of 

PCBs in Pottersburg Creek has provided an opportunity to gain a better understanding of their 

movement in aquatic ecosystems and the mechanism of PCB transfer to higher trophic levels. 

Because the three Aroclors found in Pottersburg Creek have a log K„ of between 5.8 and 7.5, 

the direction of this study was towards the synthesis of a food web in order to explain 

contaminant levels in biota. If the 

biota show an increase in PCB body 

burden with increasing trophic status 

beyond that which can be explained 

by variation in lipid content, then 

one could conclude thai PCBs 

biomagnify through aquatic food 

webs resulting in highest 

accumulations in top predators. In 

addition to the above, the ultimate 

objective of this project is to develop 

a model in order to predict the time 

required for PCB levels in aquatic 

biota to reach the UC (1975) aquatic 

life protection guideline of 100 ng/g. 
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Figure 1, Location of monitoring staSions 
along Pottersburg Creek. 



MATERIALS AND METHODS 

Collection and analyses of stream components. 1988 - 1991. 

Samples of water, sediment, algae, aquatic macrophytes, various maeroinvertebrates and fish 
were collected for biomass and PCB analysis at 4 sites along Pottersburg Creek (Fig. 1 ). Stalion 
f was used as a reference site and Stations 2, 3 and 4 were located consecutively downstream 
of the point source of PCBs. 

Invertebrates gathered for biomass and density determination were collected with a T-sampler 
enclosing an area of 0.05m 5 , and sieved through a 300 ^m bag. Invertebrates were Mined live 
from the debris in white enamel trays and subsequently preserved in 70% ethanol for later 
identification and enumeration. All organisms were identified lo the lowest laxonomic level, 
usually genus, except for oligochaeles which were identified to species. 

Invertebrates gathered for PCB analysis were collected and sorted live in while enamel trays 
until an adequate weight was obtained for analysis (i.e. 3g or more). Animals were separated 
into their respective classes (e.g. oligochaeles, chironomids, leeches) and weighed to the nearest 
O.Olg. Samples were subsequently wrapped in hexane-rinscd aluminum foil, placed in plastic 
Whirl-Pale bags and kept frozen until analyzed. The samples were analyzed for total PCBs and 
lipid with results being reported on a wet-weight basis. Analyses were earned out at the Ontario 
Ministry of Ihc Environment's laboratory in Rcxdale using packed column gas chromatography 
(OMOE, 1986). 

Construction of a Food Weh 

Fish were collected with a seine net from Stations 1,2,3 and 4 and preserved in 20% formalin. 
Collections were made in the summer and winter of 1988 and the summer of 198*). Fish 
stomachs were dissected and a list of food items was compiled. A food web of Potlersburg 
Creek was synthesized from feeding observations and gut contents analysis. Points of PCB entry 
and loses were also identified. 

Determina tion of PCB uptake and depuration rales 

Uptake experiments were set up for the following biota: crayfish, leeches, fish, and oligochaeles. 
Crayfish {Orconeaes sp.) were captured in the fall of 1990 from the Eramosa River, Guelph, 
Ontario. A Iota! of 36 crayfish were placed in 6 cylindrical wire cages which were 45 cm long 
and had a diameter of 20cm. Leeches (Nephelopsis obscura) were purchased from a local bait 
dealer. Approximately 36 leeches were placed in each of 3 wooden cages measuring 45cm X 
30cm X 20cm. Two opposite sides of each cage had 6cm X 1 8cm holes which were covered 
with a 300 ^m mesh screen to facilitate water flow. The tops of two of (he cages were covered 
with 300 ^m mesh screen while the other cage was covered with a 2mm mesh fibreglass screen. 
The first cage contained contaminated sediments collected from Station 2. The second cage 
contained contaminated sediments from station 2 which had been previously frozen lo kill any 
indigenous organisms and the third cage contained only clean rocks. Oligochaetes (Lumbriculus 
variegalus) were purchased from a local pet store and approximately 100 grams of worms were 
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Figure 2. Food web of Station 2 outlining major 
predator - prey relationships. 
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Figure 3 Food web ol 3iaUon 3 outlining major 
predalor - prey relationships 



placed in each of 2 wooden cages which had the same dimensions as those described above for 
leeches. The top of each cage was covered with a 300 ^m mesh screen while the sides were 
covered with 100 jim mesh screens. The first cage contained contaminated sediment collected 
from Station 2 which had been previously frozen and the second cage contained only clean 
rocks. Fish (Pimephales promelas) were collected from Dorset! Ontario and approximately 400 
fish were placed in a wire circular cage which was approximately 2m in diameter and whose 
mesh sire was 0.63 cm. The bottom of the cage was left open so the fish were exposed to creek 
sediments, vegetation and food. 

The cages containing the biota were anchored to the stream bed with rocks at the contaminated 
site (Station 2) and subsequently collected after the following days; day 8. 15, 23, 36, 50, 58, 
71 for crayfish; day 8, 1 1 , 16, 29, 5 1, 85 for leeches; day 7, 10, 16, 29, 43, 56 for worms; day 
10, 12, 20, 35 for fish. 

Depuration experiments were conducted for fish, crayfish and worms. Fish and crayfish were 
collected from contaminated areas of the creek (Station 2 and 3 respectively) and placed in 45 
L aquaria. The water was changed every 4 days to prevent PCB accumulation, Worms were 
collected from Station 2 and placed in 45 L aquaria which contained silica sand. Fish and 
crayfish were collected after 4, 6, 10, 18, 34, and 66 days and worms after 2, 5, 11, 23, 35 and 
63 days. Each group of animals was weighed live to the nearest O.Olg, wrapped in hexane- 
rinsed aluminum foil, placed in Whirl-Pak plastic bags, and frozen until analyzed. Replicate 
samples were submitted for each time period where possible. In addition, samples of all groups 
of animals were submitted for PCB analysis prior to the Stan of the depuration experiments. 



RESULTS AND DISCUSSION 

Food web relationshi ps 

The food webs of Station 2 and 3 (Fig. 2 and 3) were found to be similair in species 
composition, however, quantitatively they differed with respect to biomass. Crayfish and 
chironomids dominated Station 3 while worms were the dominant invertebrates found at Station 
2. Sediment at Station 2 is typically a fine silt which is 15 - 30 cm deep at places. In the 
summer months, Cladophora is dominant throughout this area with some Poiamageion growing 
along the edges of the creek. These overgrowths of algae die off in the late fall and are 
subsequently carried downstream. Station 3 is characterized by a shallow layer of sand and 
gravel overlaying hard compact clay. Cladophora and Poiamageion are present but in lesser 
quantities. Station 4 had a greater diversity of habitat than Station 2 and 3: sediments consisted 
of large rocks, gravel and sand overlaying compact clay. I.arge riffles, pools and under-cut 
banks are present. 

PCB concentrations in sediments from Station 2, 3 and 4 decreased temporally as well as 
spatially from 1988 to 1990. In 1988, Station 2 sediments contained 4130 ng/g (dry weight) 
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PCB while 1990 sediments contained 885 ng/g. PCB concentrations at Station 3 have decreased 
from 920 ng/g to 63 ng/g while concentrations at Station 4 have dropped from 60 ng/g to 30 
ng/g. Presently, PCB concentrations in sediments remain above 500ng/g at Station 2 while 
concentrations at the other 2 stations are much lower, i.e. less than 100 ng/g, for most of the 
year. 

Even though the initial source of PCBs into Poltersburg Creek has been alleviated, the sediments 
remain a continuing source to biota and vegetation. PCBs bound to sediments may be 
redistributed to the water by scouring caused by catastrophic drift, bioturbaiion and desorption 
processes thus making them more available to biota and aquatic plants (Klump et al. 1987; 
Karickhoff and Moms 1985). In 1990, PCB concentrations in water were below detection limits 
( <20 ng/L) for most of the year, except after heavy rainfall events when concentrations reached 
330 ng/L at Station 2. 

The uptake of chlorinated hydrocarbons by phytoplankton (Biggs et al. 1980; Sodergren and 
Gelin 1983) aquatic macrophytes (Strek and Weber 1982) and filamentous algae, e.g. 
Cladophora, (Mowrer el al. 1982; Larsson 1987) is rapid and initially follows first order kinetics 
(Larsson 1987). Thus, the partitioning process governs PCB uptake and in lum is dependent 
on the concentrations of PCBs in the water (Larsson 1987). In 1988, algae and aquatic 
macrophytes collected at Station 2 accumulated substantial quantities of PCBs, 150 ng/g and 
770 ng/g, respectively. In 1990, PCB concentrations in Cladophora declined to 76 ng/g while 
PCB concentrations in Potamageton were non-detectable. No PCBs were detected in algae and 
aquatic macrophytes at Station 3. Filamentous algae (Cladophora) and aquatic macrophytes 
{Potamageton) are consumed by scrapers, i.e. snails and shredders, i.e. crayfish. Algae are also 
consumed by a variety of fish in Pottersburg Creek. Analysis of gut contents has revealed that 
filamentous algae are the primary diet of the northern redbelly dace (Chrosomus eos) and the 
stoneroller (Campostoma anomalum). Common shiners (Noiropis comuius) and blacknose dace 
(Rhinichihys airaiulus) also consume filamentous algae but to a lesser extent. As no metabolism 
or elimination of PCBs has been recorded in algae (Hutzinger et al. 1974), the rapid adsorption 
and uptake of PCBs by algae and aquatic macrophytes constitute a means for the introduction 
of these compounds into food webs (Mahanty 1986). 

Atgae and aquatic macrophytes are a food source for snails and crayfish. In addition, crayfish 
eat detritus, and other organisms (Hynes 1970), which in turn are known to accumulate or sorb 
PCBs. In 1988, Hetisoma sp. collected from Station 3 had PCB residues of 360 ng/g and young 
of the year crayfish from Stations 2, 3 and 4 had residues of 960 ng/g, 720 ng/g and 320 ng/g, 
respectively. Decreasing body burdens in crayfish indicate a reduction of PCB availability with 
increasing distance from Walkers Drain (Stn. 2). Older crayfish from Station 3 were noted to 
accumulate 40% more PCBs than young of the year. This would suggest that length of 
exposure, coupled with higher lipid levels in the older individuals, may have an effect on PCB 
bioaccumulation. In 1989 and 1990, snails collected al Station 3 showed no accumulation of 
PCBs, however, snails collected from Station 2 in 1990 showed accumulations of 280 ng/g. 
PCB residues in crayfish collected from Station 2, 3 and 4 varied depending on the size of the 
animal as well as the lipid content albeit, concentrations were noted to be lower than in the 
previous year. 



Crayfish and snails are eaten by a variety of fish (Scott & Crossman 1972). Gut contents 
analysis confirmed the ingestion of snails by creek chub (Semtuilus alromaculaius) in Pottersburg 
Creek (Station 3), however no crayfish were found in the stomachs of the fish. Therefore, snails 
may contribute to the overall PCB body burden of fish such as creek chub. 

The sediments remain a continuing source of PCBs to chironomids and worms. Ingestion of 
sediment (Roberts and Meier 1982) and PCB contaminated organic particles after they settle on 
the sediment (Oliver 1984) is one route of contamination. In addition, tubificid worms have 
been shown to feed selectively on sediments high in organic matter (Brinkhurst et al., 1972). 
As PCBs are believed to be sorbed to the organic fracton of sediments, worms may be 
selectively ingesting PCBs. Meier and Rediske (1984) have been able (o show thai larvae of 
the midge Glypoterutipes barbipes can accumulate significant concentrations of PCBs from 
substrate feeding alone. Initial bioaccumulation by midges has been shown to be very rapid with 
steady state concentrations being reached in 4 to 5 days (Swindoll & Applehans 1987). While 
uptake is very rapid, PCBs have been shown to be poorly eliminated from benthic organisms 
(Swindoll & Applehans 1987; Meier & Rediske 1984), Thus, chironomids and worms serve 
as major vectors for the transfer of PCBS to higher trophic levels. 

PCB residues in oligochaetes and chironomids were among the highest for 1988 biota, reaching 
concentrations of 3030 ng/g and 1890 ng/g respectively in the summer months. Residues in 
1990 decreased to less than 1000 ng/g for worms and less than 500 ng/g for chironomids. 

Gut contents analysis of fish and feeding observations revealed that chironomids and worms are 
major food items of all fish species except the northern redbelly dace and the stoncroller who 
feed primarily on algae. These findings are in agreement with Gilliam et a!., (1989) who showed 
that fish such as creek chub consume worms. In addition, leeches are also predators of 
chironomids and worms. Leeches (Erpobdelta punctata) caplured from Pottersburg Creek were 
observed eating chironomids in captivity. As well, several authors have documented that the 
main food items of leeches are oligochaetes and chironomids (Davies et al 1981; Anholl 1986). 
The decrease of PCBs in leeches mirrors the decrease in their prey whereas sediment 
concentrations have remained constant for these areas of the creek. 

Leeches were found to occupy the same trophic level as fish consequently PCB concentrations 
in leeches approached and at times exceeded those concentrations found in fish. In the summer 
of 1988, PCB residues in leeches were 2000 ng/g at Station 2 and 1060 ng/g at Station 3. In 
1989, residues dropped to 1 100 ng/g at Station 2 and 700 ng/g at Station 3. Leeches are preyed 
upon by a variety of fish (Scott & Crossman 1973) but were not found to be major food items 
of the fish found at Station 2 and 3 in Pottersburg Creek. 

The ten species of fish that have been identified from Pottersburg Creek can be grouped into 
four categories based on their primary diet: algae grazers [stoneroller (Campmtoma anomalum), 
northern redbelly dace {Chwsomus eos)]; chironomid feeders [brook stickleback {Cuiaea 
inconstans), johnny darter {Etheostoma nigrum)}; bottom ooze feeders [while suker (Cutostomus 
ctmmersoni), bluntnose minnow (Pimephalesnolatus), fathead minnow (Pimephales promelas)\; 
and general feeders [common shiner (Noiropis cornutus), creek chub (Sernorilus airomaculalus), 
blacknose dace (Rhinitfuhys mratuius)\. It is believed that food selection and habitat utilization 



will have an effect on PCB accumulation in these four groups of fish. PCB concentrations are 
believed to be the highest in bottom ooze feeders followed by the chironomid feeders, the 

generalists and finally the ;i!gae grazers. 

Common shiners collected in July 1988 had lower PCB residues than johnny darters collected 
from the same stations i.e. (Station 2 shiner - 1960 ng/g, darter - 2780ng/g). The observed 
differences can be attributed to the position of the fish in the water column as well as their diet. 
Johnny darters were found to feed primarily on chironomids which themselves exhibited high 
PCB levels. On the other hand, analysis of common shiner fish stomachs revealed no preferred 
diet. However, it was noted that in the spring and early summer, their diet consisted primarily 
of surface insects. Gilbert (1964) found that common shiners usually feed off the surface but 
will take food off the bottom. In the fall and winter months, the common shiner switches its 
diet to detritus, sediment, algae or invertebrates depending on their respective availabilities. 
Thus, depending on the time of year, PCB residues in common shiners may vary depending on 
their diet. 

PCB concentrations in common shiners and johnny darters varied in 1989 depending on station 
location and lipid content. Moreover, it was noted that PCB concentrations in both species of 
fish did not decrease over the two year period perhaps as a result of biomagnification. In 1990, 
PCB concentrations in common shiners collected from most areas of the creek have decreased, 
however, residues in fish closest to the point source of contamination remain elevated (2100 
ng/g). PCB concentrations in the northern redbelly dace, collected from Station 2 in 1990, were 
as high as 2200 ng/g while concentrations in the blacknose dace ranged between 1400 to 3050 
ng/g. PCB concentrations in the stoneroller, collected from Station 3 in 1990, reached 500 ng/g 
and 580 ng/g in creek chub. 

Bioaccumulation of PCBs 

The bioconcentration concept suggests that uptake of PCBs is dependant on the log K„» of a 
chemical and the lipid fraction of an organism. If biota from Pottersburg Creek are indeed 
uptaking PCBs from the water column then each organism having the same lipid composition 
and proportion should bioaccumulate the same amounts of PCBs, regardless of their position in 
the food web (trophic level). The biomagnification concept suggests PCB residues in biota are 
attributed to the ingestion of contaminated prey which subsequently leads to higher PCB 
concentrations in predators occupying the top of the food web. Therefore, if uptake of PCBs 
is through ingestion then biota should accumulate different concentrations of PCBs depending 
on their position in the food web. 

In Pottersburg Creek, PCB concentrations in biota from Station 2 are greater than those at 
Station 3 and these in turn are greater than concentrations at Station 4 (figure 4), p = 0.0001, 
In addition, the relationship between PCB concentration and lipid was similar between sites, .i.e. 
the slopes of the lines are equal. Consequently. PCB concentrations in biota are decreasing 
along the length of the creek away from the point source. 



The relationship between PCBs and lipid for biota from Station 2 and 3 (Figure 5) suggests that 
organisms tend to accumulate PCBs relative to their position in the food web. Fish and leeches 
occupying the top of the food web, tended to accumulate more PCBs than the lower trophic level 
organisms. Crayfish in turn accumulated more PCBs than did chironomids at Station 3 and 
worms at Station 2. Because a!! data are not yet available, the slope of the lines in Figure 5 
were extrapolated from Figure 4 and assumed equal for alt biota. As more data becomes 
available, the actual slopes of the lines will be deduced followed by statistical analysis of the 
data. 



Figure A. Relationship between PCBs 
ana lipid at difteren! Stations. 
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Figure 5 Relationship between PCBs and lipid tor biota from 
different trophic levels at Station S and 3 



Uptake and depuration experiments are presently being conducted for fish, crayfish, leeches and 
worms. Results to date indicate thai uptake of PCBs is rapid (Figure 6) however, concentrations 
were noted to be lower than those from collected biota from the same station (leeches, Stn.2 - 
1 100 ng/). Lower accumulations are attributed to the short time interval of the experiment, i.e., 
85 days. In addition, uptake rates were higher in leeches exposed to creek water, sediments and 
contaminated food (eg, 500 ng/g lipid in 51 days) compared to leeches only exposed to creek 
water (eg. 133 ng/g lipid in 5 1 days) suggesting that the sediments and ingestion of contaminated 
prey are governing contaminant levels in biota. 
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CONCLUSION 

PCB concentrations in biota, water and sediments from Pottersburg Creek are decreasing with 
time as well as along the length of the creek away from the point source of PCBs. However, 
PCB residues in aquatic biota still remain above the LTC aquatic life protection guideline of 100 
ng/g with fish showing the highest concentrations. 

From within the creek, the sediments remain a continuing source of PCBs to biota. Scouring 
of bottom sediments caused by catastrophic drift, bioturbaiion and desorption processes 
continuously redistribute PCBs making them more available to aquatic biota. Filamentous algae 
quickly sorb PCBs from the water and in turn are a food source to snails and crayfish. 
Chironomids and worms ingest contaminated sedimenl and organic matter after it settles out on 
the sediment and are a major food source of fish and leeches. This movement of PCBs up the 
food web consequently results in highest accumulations in leeches and fish as reflected in Figure 
5, suggesting that biomagnification may be the mechanism responsible for contaminant levels 
in biota. 
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THE EFFECTIVENESS OF A STORMWATER MANAGEMENT POND IN THE 
REMOVAL OF URBAN CONTAMINANTS FROM STORMWATER 

W.E. Watt* and J.D. Paine, Department of Civil Engineering, Queen's University. Kingston 
Ontario K7L 3N6 

NATURE OF THE PROBLEM 

Contaminants in stormwater runoff can seriously pollute receiving water bodies. 
Stormwater runoff contains such contaminants as, salts, pesticides, conforms, hydrocarbons, 
phosphorus, heavy metals, eroded soil and other sediments. Concern relates to recreational 
water use where high coliform counts can pose a health risk, aesthetic problems with appearance 
and entrophrication of receiving waters, and damage to fish and other aquatic life from heavy 
metals and sediment. 

In a comprehensive manual on controlling urban runoff in the Greater Washington, D.C. 
area Schueler (1987) identified wet stormwater ponds as an extremely effective water quality 
'best management practice' (BMP). Environment Ontario (1991) reported that although wet 
ponds are the most common structural BMP used in Ontario, they have limitations - change in 
hydrologic regime, nutrient and contaminant cycling and release, and other negative impacts on 
the receiving waters including thermal enhancement and erosion. In the assessment of remedial 
effectiveness of ponds in Ontario and the Great Lakes Basin, there arc additional problems. 
First, existing wet ponds were designed for quantity control only, exhibit poor performance in 
quality control and must be retrofitted to improve effectiveness. Second, 'performance' is based 
on limited data from Washington, D.C. which may not be directly transferable to Ontario 
climatic conditions. Third, the understanding of pollutant removal processes is very limited. 
There is a need, therefore, for an interdisciplinary study to identify, through an ecosystem 
approach, the major processes affecting the mass transfer of critical pollutants including both 
persistent toxics and nutrients within the urban ecosystem encompassing stormwater ponds, and 
to assess environmental impacts of stormwater ponds by ecotoxicological methods. The first step 
is to determine mass balances for water, sediment and key contaminants for a wet ponds under 
Ontario conditions. 

SPECIFIC OBJECTIVES 

1 1 to define the processes involved in the movement of contaminants from urban surfaces 



through the soil mantle or over the surface and into wet stormwater management ponds, 

2) to incorporate the understanding of these processes into a mass balance model for the 
pond, 

3) to collect three seasons of water quantity and quality data on an event basis for a wet 
pond in Kingston Township, 

4) to describe the effectiveness of the pond in improving stormwater quality for various 
storm events and under low flow conditions. 

ENVIRONMENT ONTARIO'S STAKE IN PROBLEM 

Recently, Environment Ontario (1991) reported that 

The most common structural BMP used in Ontario is ihc water quality pood, Most designs have 
concentrated on the basic sedimentation capabilities of the devices in attempting to address stormwater 
quality concern*. Ponds provide many other benefits and can be designed to provide environmental 
opportunities and enhanced water qualify control. They are not however, an all-encompassing solution 
to stormwater concerns..... Ponds arc likely la continue to be an important element in stormwater quality 
control TbeiT limitations need lo be recognized however, and the special design considerations which 
often have to be addressed need io be noted. In some cases the problems associated with poods can be 
overcome by design. It should he recognized however that ponds are not suited to some applications, 
especially where baseltow preservation or groundwater recharge are among the concerns driving the BMP 
plan- 
As the capability of an on line stormwater control pond to improve water quality while 
subject to natural flow variations is not well known, it is necessary to collect and analyze data 
from existing online detention ponds in an attempt to characterize the hydrologicAvater quality 
processes. Only through this analysis can Ihe value of detention ponds in the control of 
stormwater quality be determined. Ultimately, the effectiveness of detention ponds must be 
known for I he development of Provincial guidelines for stormwater quality control. 

PROGRESS TO DATE 
Literature Survey 

A comprehensive literature survey has been conducted to define the state-of-the-art 
regarding the function of stormwater management ponds in the improvement of water quality 
of receiving waters. 
Field Surveys 

A Geld survey program was implemented lo determine the characteristics of the creek and 
the drainage area which includes the Calaraqui Town Centre. The poster display shows the 
drainage basin, the location and size of directly connected impervious areas, pond plan and cross 



sections and locations of rainfall gauges and water level control structures and recorders. 
Pond Instrumentation 

Field work was conducted to install rainfall, water level, flow and water quality monitoring 
instrumentation. The poster display illustrates the weirs which were designed and constructed 
hy the Department of Civil Engineering lor the storm water inlet and the creek inlet to the pond. 

Also shown are photographs of the instrumentation system which involves shaft encoders 
for waterlcvel monitoring, a tipping bucket rain gauge and a data logger. 
Chemical Constituent Characterization 

Field and laboratory studies were conducted to determine natural background levels of 
major, minor and trace chemical constituents in the runoff and in the pond sediments. The 
poster display shows results of chemical analyses of water inflow and outflow during selected 
storm events. Also shown are results of chemical analyses of pond sediments. 
Pond Biota Characterization 

Field and laboratory studies were conducted to characterize the vegetation and biota in 
and around the stormwsuer ponds. Results arc summarized on the poster display. 

FUTURE DIRECTIONS 

At this stage, it is premature to compare findings to earlier work. Anticipated future 
results include further measurements on water quality and contaminants for runoff events, 
estimates for the water and chemical balance of the system, and preliminary estimates of the 
effectiveness of the pond on contaminant removal. 
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Hydrophobic organic chemicals in water have a tendency to 
accumulate in the lipid tissues of aquatic organisms. The magnitude 
and rate of chemical uptake has been related to the 1-octanol-water 
partition coefficient (K^) of the chemical in question (Russell and 
Gobas, 1989). However, some chemicals show a bioconcentration 
tendency orders of magnitude smaller than that predicted from the 
bioconcentration factor (BCF) K^ linear relationship (Gobas et 
al.,1989). Organic substances can be completely or partially 
unavailable for uptake in aquatic biota (Black and McCarthy, 1988) . 
Due to their hydrophobic nature, organic substances have a 
considerable tendency to interact with organic substances/matter in 
water. This interaction results in a chemical complex which is too 
large to permeate through biological membranes and thus unable to 
be absorbed. It is believed that only the fraction of chemical in 
"free solution" is available for uptake in aquatic biota. This 
study investigates the bioconcentration of chlorinated organic 
chemicals in fish under field conditions. 

Goldfish were deployed in cages for 42 days in Little River, 
Windsor, Ontario approximately 100 m downstream of a municipal 
sewage outfall. Suspended solids at this site were typically very 
high but variable and ranged from 5 to 14 00 mg/L. Fish were sampled 



at predetermined intervals, prepared for gas chromatography by 
solid-liquid extraction techniques and analyzed for over 50 
halogenated compounds by electron capture detector. Water samples 
were obtained at the same time intervals as fish samples and were 
analyzed for total organic chemical content by liquid-liquid 
extraction procedures and GC-ECD, and for freely dissolved organic 
chemical by a novel air sparging technique and GC-ECD. Based on the 
work of Yin and Hassett (19B6), who proposed air sparging as a 
possible method to distinguish between freely dissolved and 
"sorbed/codissolved" chemical in the water phase, we have developed 
a continuous flow gas sparger (Sproule et al., 1991). This 
instrument has the potential to make measurements of freely 
dissolved chemical concentrations of very dilute solutions (i.e. 
typical for hydrophobic chemicals under natural conditions) , by 
removing specifically dissolved chemical from water and leaving the 
sorbed fraction. 

Total water (sorbed + dissolved) chemical concentrations and free 
water (dissolved) chemical concentrations exhibited similar trends 
over time with free water concentrations consistently lower than 
total concentrations. Dissolved chemical concentrations were less 
than total water concentrations by a factor of 2 to 100. Goldfish 
bioconcentration factors calculated using total water 
concentrations underestimated theoretical BCF's based on the BCF-K 
relationship. This suggested that less organic chemical was 
available for uptake in the fish than was indicated by the total 
water chemical concentration. BCF's calculated using the dissolved 



chemical concentration in Little River water somewhat overestimated 
the theoretically derived values. This overestimate was explained 
by suggesting food as an additional route of chemical uptake in 
these fish. It was determined that over 99% of the 1,2,3- 
trichlorobenzene and 63% of the octachlorostyrene present in Little 
River at the time of this study was bound to particulate and/or 
dissolved organic matter in the water column and not available for 
uptake in field deployed fish. It was concluded that the dissolved 
chemical concentration in water was more important than total water 
chemical concentration in chemical uptake in fish. 
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EXECUTIVE SUfMAR* 
Rainfall simulation experiments uu> carried out ov« a three-year 
period on a range of soil types, flop* positions, tillage systems, and 
times of ths year. Standard rainfall simulations used a low and high 
rainfall intensity on a amall 1 m x 1.6 m plot. Heasuremer.ua included 
runoff volume and rate, time to ponding (5» area), total aoil loss, 
sediment concentration, texture and sediment p concentration, and surface 
runoff water velocity. Detailed maaeuramants were also made of soil 
physical, chemical, and hydrologic properties. 

The sites were selected fros the existing Til lage-2000 farm aitea. 
Tlliage-2000 is a i year project sponsored by the Ont. Minlatry of Agrlc. 
and rood, and the Dspt . of Land Resource Science, Univ. of Guelph. The 
program established field scale tillage treatments on 30-40 farms in IMS 
on a wide variety of Ontario soil and landform types. This project made 
use of these existing tillage plots eliminating the costly field work to 
establish such plots. The simulation sites were topographic aoil landform 
benchmarks which have monitored for a variety of soil and crop 
ehareeterletics over the last 5 years. Since the tillage treatments were 
established at a field scale there was ample roost to select good rainfall 
simulation sites which are quite destructive, and disturb both the soil 
and growing crop. 

In addition to the Standard rainfall simulation on small 1 m » l.t 
m plots, a new rainfall simulator was constructed which allowed toe 
spatial scale of the rainfall simulation to change. Tha simulator 
consisted of a series of rainfall simulation r.ottlas each with an electric 
aolenold valve allowing them to be individually turned on or off. The 
simulator waa uasd to obtain runoff results from plot sizes of 1, 1, 4, s, 
8 and 10 at long (1.6 m wide), at different rainfall intensities. The 
purpose of these experiments was to examine the influence of spatial scale 
on meaiured hydrologic properties and erosion- 
toil hydrologic properties wars measured using a new surface version 
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of the Quslph permeameter called the ouolph Pressure Inf iltroroeter (CPT|. 
The GPI gives maiuraMnti of f ield saturated hydraulic conductivity \ and 
the matric flux potential #_ both of which can bo ueed to estimate the 
time to ponding under conetant rainfall condition*. Soil cores were also 
taken for Hiiurnanc cif saturated hydraulic conductivity and the moisture 
releaee curve for pore-elis eharacteriiation. The hydraulic proportiae 
were measured in cooperation with i research project funded by the 
Agriculture-Canada Soil and Water Environmental Enhancement Program - 
Technology Evaluation and Development (5WESP-T50) . 

Xt a long-term (8 yr) eite, comparison of no-till and moldboard plow 
aeroee a range in »oil textures, indicated consistently that the no-till 
resulted in higher »oil bulk density, lower total porosity, lower 
macroporosity, ahorter time to ponding, lower metric flu*, lower field 
saturated hydraulic conductivity, lower saturated hydraulic conductivity, 
lower infiltration rates (simulation) and higher runoff [simulationi . 
Even though the runoff was higher in the no-till, the total soil loss and 
phosphorus loss was lower. These effects were consistent across 
measurements taken in the fall, spring, and summer, and different slope 
positions. 

Similar results comparing total soil loss from the no-till versus 
both minimum and moldboard were obtained for other Tillaga-2000 sices, but 
the comparison of minimum-sioldboard was less clear with no consistent 
trends. In all of th« experiments the controlling influence of the 
measured (and predicted) time to ponding was obvious, especially if a 
fixed rainfall simulation time was used and only total (not steady-state) 
measurements of sediment and water runoff made. 

Total phoaphorus loss was largely controlled by total sediment loss 
which was always higher in either the moldboard or minimum till systems 
compared to no-till, for the high rainfall intensity. for low rainfall 
intensities, phosphorus and sediment loss in ths no-till was often a* high 



or higher thar. either the minimum or moldboard treatments. The difference 
in phoephorua loeo as a function of rainfall intensity if related to the 
measured end predicted time to ponding, which wee alawat alwaye shorter in 
the no-till. Thua, it low rainfall intensities, it wee nor* difficult to 
MMurt runoff end thua phoephorua loee on the no-till, then on the other 
tillage eyeteme. Depending on the length ot time of iimulatlon, then, it 
via possible to manure more, the lame, or leea phoephorue loee in the no- 
till compared to other tillage systems. The steady-state sediment 
concentration, ladiment traneport, and phoephorue loll waa almost always 
higher in the moldboard, but since the runoff proceea etarted later than 
the no-till, the total phoaphorus and aoii loss ratio between the two 
tillage systems would depend on the t 1jb» of the rainfall elmulatlon. 

The enrichment ratio of phoephorue waa aignlf icantly correlated to 
the enrichment ratio of clay, aa expected. There were no consistent 
dlfferencee in the enrichment ratio* for the tillage systems. However, 
no—till tended to have elightly higher (20*) valuea. The main factor 
controlling enrichment ratloa uaa the eurface % clay content of the eource 
■oil. ft relationship derived from a tingle aite with a wide variation in 
% clay gave reasonable valuea for the other aite*. 

All of tha measurements taken were aignlf icantly affected by the 
■cal* of the raaeaurement technique. Tha steady-state infiltration rate, 
a parameter ueuaily considered ae a constant for a particular location, 
varied conalstently aa a function of rainfall intanaity. Thia wii 
attributed to epatial variability of the eurface hydraulic parameters, 
Runoff water velocity alao varied ae a function of apatlal acale, ae did 
sediment concentrations and phoaphorus loss. Phoephorue concentration in 
the runoff water (ortho-phoapharue) and in the sediment changed aa a 
function of time during the runoff proceee, with the no-tin leas affected 
than other tillage eyeteme, Thua, the relative phoephorue loee comparison 
between tillage system* depended on the length of time of the runoff 
simulation- 



The experiment! Indicate a very severe limitation on the use of 
ninfe.il almulatlon to obtain the relative and absolute value* of toil 
loaaet, runoff loese*, or agriculture chemical leasee. Depending on the 
rainfall Intensity, or spatial seals (aits) of the simulation It Is 
possible to obtain more, equal, or less losses In a no-till system 
compared to conventional system. Thus, unless the simulations and 
measurements are made at a number of time and space scales, tile data is 
not very useful for extrapolation. What appears to be vary useful, 
however, is the measurements of the surface hydraulic properties and their 
variability. They explain a lot of the rainfall Intensity dependence of 
the infiltration rate as well aa the runoff volume. Rainfall simulations 
carried out for fixed time periods, and intensities, with only 
measurements of total soil lose and total water loss are next to 
Impassible to interpret unless auxiliary measurement* on hydraulic 
properties are also made. Large systematic differences in hydraulic 
properties as a function of crop row position further complicate the 
problem. Runoff plot size* that are not large enough to cover plant row 
spacing will be significantly affected by share, the plot is located, and 
how much row versus interrow area is included in the plot. For example, 
a 1 a wide simulation plot automatically is bused for any sites other 
than 1 m corn row spacing*. Thl* is because the runoff area will not have 
the correct proportion of row and Interrow area. 

The spatial and temporal dependence of the measurements made in this 
report suggest that an accurate process based model for prediction of 
erosion /runoff is not likely to be available for some time. The fact that 
even on a I m x 1 m plot, the Infiltration rate varied as a function of 
rainfall Intensity is disturbing. It suggest* that th* variability of K^ 
at very local scale le controlling surface runoff generation. By 
corollary, th* variability of K,, at a very local scale must be included 
into a process based modal for accurate runoff predictions. It la highly 
unlikely that this type of measurement detail will be available for 
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general prediction purposes. 

TIM data also indicate chit, prediction of the movement o( soluble 
chemicals by runoff will hava to take the approach ussd by Ahuja and co- 
worker*. The process bated modsls for movanwnt of chemicals Lnto the 
runoff water, however, require an understanding of tha temporal change* In 
tha cheaistry at tha vary turf ace of the (oil, a location where 
measurement* are very difficult to obtain, the difference in the temporal 
distribution of ortho-phosphorus concentration* in runoff water between 
no-till and moldboard wen directly related to the convectlve versus 
diffusive flu* occurring at the toil aurface. taper iaent* indicated that 
It la highly likely to gat increased ortho-phosphorus flux fro* a no-till 
ayetaai whan the overall infiltration la very low <la> heavy texture 
■oila). The Increased diffuaive flux of aoluble phosphorus out of the 
soil coupled with low convectlve flux away from the surface, and high 
runoff would result in significantly higher ortho-phosphoru* loss. In 
COarea textured soils the convectlve flux of chemical away fro* tha 
surface doainataa and masks tha affact of tillage, with both tillage 
systems having low flux. 



AIM 

BIAS DUE TO SAMPLING GROUNDWATER AND SURFACE WATER FOR TRACE ORGANIC 
CONTAMINANTS J. T. Hoff, C. Arthur, D. Baerg, J. F. Barker and R. W. 
Gillham, Waterloo Centre for Groundwater Research, University of 
Waterloo, Waterloo, Ontario N2L 3G1 

In sampling natural waters for trace organic contaminants, positive 
and negative sampling errors can arise. Positive errors result from 
desorption or leaching of contaminants from sampling equipment surfaces 
whereas the processes responsible for negative errors are volatilization 
and sorption. Compounds with large air-water partition constants (Henry's 
1 aw constants) tend to escape into the atmosphere or into sampling bottle 
head-space, whereas compounds with low water solubilites tend to be sorbed 
by well-casing and sampling equipment materials. The first source of 
bias was evaluated by using a series of organic compounds having a range 
in Henry's laws constants and using various sampling devices The 
compounds and their Henry's law constants (atm n.3 / mol) are [1]: methane, 
0.676, 1, 1-dichloroethene, 0.19; trans-dichloroethene, 0.067; 
trichloroethene, 0.0091; toluene, 0.0067; benzene, 0.0055. The following 
sampling devices were evaluated: a double check-valve stainless steel 
bailer, a peristaltic pump, WaTerra inertial lift pump, IEA syringe 
sampler. Well Wizzard bladder pump, and Solinst double-valve purge/sample 
pump Samples were collected from an artificial well reservoir containinq 
C0 2 -charged water which strongly degassed during sampling. The 
experiments were performed at two concentration levels. Five replicate 
samples were taken with each sampling device and from a control port at 
the bottom of the well. The percentage losses were calculated relative to 
the controls and analysed by nonparametric one-way analysis of variance 
i.e. Tukey box plots [2]. 

The results are depicted in Figure 1. The percentage losses were 
generally small r the median loss for the high concentration level was 7* 
and that for the low concentration level was 1*. The median loss for 
methane was significantly greater than the median losses for the other 
compounds, and methane also showed more variability. The methane losses 
?^L^?™ f 1 1C _ ntly _ C ° r 5? lated with the co 2 lasses, and the order of 



volatilization can be expected to produce an unacceptable bias only for 
compounds which have Henry's law constants greater than 0.2 atm i> / mol 
The variability associated with sampling device, 4.3%, is smaller than the 
random error associated with taking replicate samples with a given sampler 
and comparable to the analytical error associated with replicate 
determinations on the same sample. In order of increasing median 
percentage loss, the sequence is: bailer, double-valve pump, bladder 
syringe sampler, peristaltic pump, inertial pump. The 95% confidence 
intervals overlap extensively, so few of the contrasts are significant 
The relative performance of the samplers for methane is similar, although 
none of the contrasts are significant due to the large variance for that 
compound. The performance of the samplers seems to be consistent with the 



results of previous studies [2-4], which show that bias tends to increase 




the other samplers. This apparent discrepancy may be due to 
operator-induced bias, because it was previously shown [4, 5] that factors 
such as pumping rate and sample lift height can influence bia 



las. 



To evaluate the second source of bias, experiments were performed in 
which solutions containing ppb levels of chlorobenzenes and chlorobiphenyls 
were exposed to sampler or well-casing materials for varing lengths of time. 
The compounds are monochlorobenzene (1-Ben) , m-dichlorobenzene (2-Ben), 
1,2,4-trichlorobenzene (3-Ben), 1,2,4,5-tetrachlorobenzene (4-Ben), 
hexachlorobenzane (6-Ben) , 2, 4-dichlorobiphenyl (2-Pcb) , 2,2',5- 
trichlorobiphenyl (3-Pcb), 2, 2 ' , 4 , 4 '-tetrachlorobiphenyl (4-Pcb), and 
2 , 2 ' , 3, 4, 5'-pentachlorobiphenyl (5-Pcb). Those compounds span a five 
order of magnitude range in water solubility (-5 < log C s (mol/m 3 ) < 0) . 
Four materials were investigated, polyethylene, poly (tetrafluorethylene) 
(teflon), polyvinyl chloride) (rigid JPVC) and stainless steel. These 
materials are commonly used in the construction of surface and ground 
water sampling equipment. 

The concentration versus time curves observed when the solutions were 
exposed to the polymers were explained using a model for a polymer sheet 
suspended in a well-stirred solution of finite volume. The relative 
concentration, C/C q, is given by [6] 

EZCfi - exp d^fik/fi 2 -) erfc [ <Js2fi£/&2) 1/2] eq i 

where K (dimensionless) is. the polymer-water partition coefficient, fl 
(cni z /a) is the diffusivity of the compound in the polymer, %_ is the 
exposure time and ft is the solution volume to polymer surface area ratio. 
The relative concentration vs. log (time) plots for the solutions exposed 
to the polymers generally conformed to the sigmoid shape predicted by 
the model. The sorption rate constant, J£2j2, which was evaluated by 
fitting the sorption curves to eq 1 , exhibited trends similar to those 
observed in the previous experiments with low molecular weight aromatic and 
halogenated hydrocarbons \f> , 7]. The sorption rate constant values for 
polyethylene were considerably greater than those for teflon and rigid 
polyvinyl chloride). Also, the values increase among the compounds as the 
water solubilities decrease and as the octanol-water partition coefficients 
increase. The Kij} values for the chlorobenzenes and PCB's are therefore 
generally larger than those for the low molecular weight aromatic and 
halogenated hydrocarbons in the same polymers. These trends are evident in 
the log &£q versus log Kqw plots for polyethylene, teflon and rigid PVC 
shown in Figure 2. 

In contrast to the behavior exhibited by the polymers, the relative 
concentration vs. log (time) plots for stainless steel do not conform to the 
shape predicted for absorption. Like the halogenated methanes, ethanes and 
ethenes, it is probable that the chlorinated benzenes and biphenyls were 
reduced (dehalogenated) while metallic constituents of the stainless steel 
surface were oxidized. Consistent with this hypothesis, the rate of 
disappearance was generally observed to be greater for compounds having higher 
oxidation potentials, i.e. greater numbers of chlorine atoms per molecule. 
Two of the compounds, 2-Ben and 3-Ben, were not measureably depleted during 
the 24 hour exposure period, whereas three of the compounds, 6-Ben, 4-Pcb and 
5-Pcb, were depleted by more than half. In the previous experiments [6], 
bromoform and hexachloroethane were depleted by 50 % in approximately 31 
days, whereas the other compounds were not depleted during that period. 
The high disappearance rates observed for the chlorinated benzenes and 
biphenyls in the present experiments are probably related to the oxidation 
potentials of the compounds, although the condition of the stainless steel 
surfaces may also have influenced the rates. 

The log JS2.J2 versus log £™ plots can be used to estimate sorption 
rate constants for compounds Raving water solubilities within the range 



spanned by the chlorobenzenes and pcb's. The log &ZQ values for 
the low molecular weight aromatic and halogenated hydrocarbons generally 
fall below the regression line determined by the chlorobenienes and 
pcb's. This may be due to the fact that in the previous experiments, the 
hypovials were agitated with a tipping shaker at 2 cycles/minute, whereas in 
the present experiments the hypovials were agitated on a rotary shaker at 400 
rpm. In comparing the two methods of shaking, it was found that the K^D 
values were about one order of magnitude larger when the hypovials were shaken 
at 100 rpm. This suggests that diffusion in the liquid phase contributed 
!^"if.?f" t ^ J t ? the ovcr f, 11 mass transfer resistance. Because the 
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It was previously suggested [7] that the absorption model can be 
used to predict the maximum time that a sample can be exposed to the 
inner surface of a plastic cylinder, e.g. well casing pipe, before the 
change in concentration is greater than 10 *. In a typical groundwater 
monitoring situation, a 1 inch diameter well is encased with teflon or 
rigid f'VC pipe, and the compounds being determined have water 
solubilities greater than o.l mol/m 3 . The maximum exposure time for 
this situation is about 10 hours. Occasionally compounds having much 
lower water solubilities are determined; some of the organochlorine 
insecticides and PCB ' s have water solubilities lower than 10" *. For Buch 
compounds, the maximum exposure time to the well casing would be only 
about 4s. The maximum exposure time for a sample of surface water held 
in a 5 1 PVC Niskin bottle is 84 s for compounds having water solubilites 
of order 10 =>. The following assumptions were made in estimatinq the 
maximum exposure times: the water in the well does not exchange with that 
outside it after the well is purged; the water in the well or Niskin 
bottle is well-mixed; and finally, the polymer has not been previously 
exposed to water containing the organic compounds. Although these 
assumptions may be violated to some extent in actual sampling practice 
the simulations demonstrate that a significant potential for negative 
sampling bias exists when low solubility compounds are sampled by 
conventional techniques. 

It also possible to estimate the amount of negative bias expected 
when a plastic tubing is used to remotely sample water at some depth in a 
lake or aquifer. The model chosen for this simulation is one which 
describes the loss of heat or concentration of a solute from a fluid that 
is flowing through a channel or fissure in a matrix of absorbing material 
The expression for the time dependence of the relative concentration is 
[B, 9] 

C/e a - erfc (tB(K 2 C) 1/2 / 2A.Cfc - t B )V2) eq 2 

Here, 2A is the distance separating the parallel semi-infinite slabs of 
polymer, tg is the residence time of the fluid in the channel and k2-D has 
the same meaning as before. The model assumes that diffusion in the'polymer 
is the rate Umitinq process and that that longitudinal dispersion (e a 
molecular diffusion of solute in the liquid phase) is negligible. The 

in^r^f"" 38 ? f ^ hi ? m ° del VaS tested b V 9 as chromatography experiments 
in which the analytical column was replaced by teflon tubing. The carrier 
gas flowrate was varied, several lengths and internal diameters of teflon 
tubing were tested, and several aromatic hydrocarbon vapours were injected. 
It was observed that the shapes of the breakthrough curves were adequately 
described by the model. The breakthrough curves also behaved qualitatively 



in the manner predicted by the model when the diameter and residence tine 
of the tubing was varied. Having thus validated the model, breakthrough 
curves were calculated for a sampling system often used in research, the 
Waterloo multilevel piezometer system. It was assumed that the water was 
pumped through a 5 m length of 1/16 •' ID Teflon tubing at a flowrate of 20 
mL/min, giving a residence time of approximtely 30 s. The breakthrough 
curves display a considerable range in the minimum flushing time needed to 
attain an instantaneous relative concentration of 0.9 when the sorption 
rate constant value is varied over the range exhibited by the experimental 
compounds. At a log K^D value of 10" 3 , the minimum flushing time is 5 hr. 
Another groundwater sampling device in common use is the reciprocating 
inertial pump sampler. Here it was assumed that a 5 m length of 1/2 " ID 
polyethylene tubing fitted with a check-valve at the bottom end is moved 
up and down, resulting in an average flow rate of 5 1/min. For a JS^g 
value of 10* 1 (5-Pcb in polyethylene), the model predicts a minimum 
r lushing time of 30 min. If mass transfer resistance in the liquid phase 
is significant, the minimum flushing times would be longer than those 
predicted by the model. These calculations show that significant errors 
can occur when sampling water for hydrophobic organic contaminants if 
Insufficient time is allowed for equilibrating the transfer line tubing 
with the water sample. 

In view of the potential for encountering for incurring significant 
negative bias when sampling hydrophobic and halogenated organic compounds 
using sampling equipment constructed from synthetic polymers or stainless 
steel, and of the difficulty of accurately predicting the magnitude of the 
errors in sampling situations, the following precautions are suggested: 
i) Sampling equipment and procedures are used which minimize the area and 
time of exposure to synthetic polymers and stainless steel, ii) Soft 
polymers, such as flexible PVC and polyethylene are avoided, and 
Hi) Tests are conducted to ensure that representative samples are be 
obtained. 

REFERENCES 

|1) Pankow, J. R. ftnal. Cham. I9tc 58_, 1822-1826 

[2J Tukey, J. w. Explorat ory Data A nal ysis ; Addison-Wesley: 
Beading, Mass., 1977 

[3] Barker, J. F. ; Dickhout, R. Ground Water Monitor. Rev, l»aa 
Fall pp. 112-120 

[4) Barcelona, M. J.; Helfrich, E. E-; Garske, J. A.; Gibb, J. P. 

C,-~iin<i Water Monitor.. Rcy. 1984 Spring pp. 32-41 

[SJ Pearsall K. A.; Eckhardt, A. V. Ground Water Monitor. Rey, 
1987 Spring pp. 64-73 

[6) Ho, J. S-Y. Jour. Amer. Water Works Assoc. 1983 Nov. pp. 583-586 

(7) Reynolds, G. W. , Hoff, J. T. , GiUham, R. w. Environ. Sci. Techno! , 
1990, 2_4_, 135-141 

[8] GiUham, R. W,, O'Hannesin, S. P. In Ground Water and Va dosa Sane 
Monitoring. ASTH STP 1053, Nielsen, D. M. k Johnson, A. I. (eds.) 
Amer. Soc. for Testing and Materials, Phila. 1990, pp. 108-122 

[9] Carslaw, H. S. , Jaeger, J, c. Conduction of Heat in Solids . 

HI 



Clarendon, Oxford, U.K., 1959, p. 396 
10J Neretnieks, I. J. J. GeophVS. Res. . 1980. SA, 4379-4397 

Figure 1. Tukey box plots of percentage loss (N-108) . 
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Figure 2. Log K^D versus log £<j plots for polyethylene, teflon, and 
rigid PVC. Series 1 and 2 data are for the low molecular weight 
halogenated and aromatic hydrocarbons, respectively [6, 7}. Series 3 
data are for the chlorobenzenes and pcb's. The regression lines for 
Series 3 data are indicated. 
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DETERMINATION OF GEOCHEMICAL MODIFICATION OF GROUNDWATER ENTERING SURFACE 
WATERS. D.R. Lee', HA. Allsop, Department or Earth Sciences, University of Waterloo, Waterloo, Ontario 
N2L 3GI, and S.J. Welch, Environmental Research Branch, Chalk River Laboratories, Chalk River, Ontario, K0J 
UO {Please use Chalk River mailing address for D.R, Lee) 

Many disposal sites are on lands contiguous with surface waters. Contaminants can be transported by groundwater 
from these sites. A biogeochemical transition lone exists at, or very near the scdiment/water-interface through 
which groundwaters seep. Our objective is to investigate conditions under which aimaminani (lux to surface water 
may be controlled by reactions within this transition zone. 

In this work, controlled tests were run in large seepage tanks to quantify the interactions of contaminated 
groundwater with the sediments through which discharge occurs. To compare predictions made from standard 
piczomelric sampling with the actual contaminant flux to surface water, measurements were made in the 
groundwater, (he surface water and al various depths below the surface-water/groundwatcr interface. The 
groundwater was artificially contaminated with nickel, cobalt, lithium, bromide, sulfate and nitrate. The water at the 
bottom of the tanks was virtually devoid of oxygen and the surface water above the sediment was agitated w,th air 
bubbles to maintain oxygen saturation. 

Initial runs showed that major tons Na, Mg, K, Ca, and CI behaved conservatively and mass balances were very 
good. Therefore, the seepage tank approach gives a quantitative framework for contaminant testing. By day 30 of 
the contaminant injection experiments, it was apparent that lithium was not conservative, contrary to indications in 
the literature It was apparent too that nickel and cobalt were more reactive than lithium. Cation analyses (Fe 
Mn, Co, Nt, Li) for days 51 and 112 are due three weeks from this writing. Glass slide*, cmplaced across the 
sediment/water interface, will be analyzed for metal oxyhydroride coatings, which are now visible on the sediment 
surface. 

Discharges of grouadwatcr-borne contaminants are increasingly viewed as potential sources of surface-water 
contamination This work is needed to provide experimental data for testing models for contaminant transport 
across discharge zones. Future work will focus on phosphorous behaviour, particularly under anaerobic conditions, 
and on the behaviour of selected metals under acidic ccndilions. 



179 



IMPACT OF LIVESTOCK MANURE AND FERTILIZER APPLICATION 
ON NITRATE CONTAMINATION OF GROUNDWATER. 



D.L. Bunon 1 *, E.G. Beauchamp 1 , R.G. Kachanoski 1 . 2 , and R.W. Gillham 2 

1 Department of Land Resource Science, University of Guelph. Ouclph. Ontario. NIG 2W I . 
1 Waterloo Centre for Groundwater Research, University of Waterloo, Waterloo, Ontario, N2L 3G 1 . 

Livestock production is a major agricultural activity in Ontario. The livestock 
population of Ontario in 1987 would produce 3 x I0 7 tonnes of excrement. The N, P and 
K replacement value of the nutrients contained in this manure is $158 million. Livestock 
wastes have traditionally been returned to land from which the major portion of the 
livestock feed was produced. As agricultural specialization has increased, there has been a 
tendency toward a separation of livestock and crop production. Currently much of the 
poultry and swine production and an increasing amount of beef production are concentrated 
on a minimal land base. Feed is imported from considerable distances. As a result of 
specialization, livestock wastes are applied to smaller and smaller land areas. Although the 
fertilizer replacement value of the manure is significant, in many cases the cost of 
transportation outweighs the value. At this point, disposal of the manure rather than 
utilization becomes the objective and there is little concern for the effect of rate, timing or 
method of application on the availability of the nutrients or their use by the crop and hence 
environmental concerns arise. 

Of particular concern is the potential impact of excessive manure application on the 
concentration of N03' in groundwater. There are a number of isolated measurements of 
elevated groundwater NOj' concentrations in Ontario that are attributable to application of 
nitrogen, cither as manure alone or in combination with fertilizer N. The concern for NOj" 
in water arises primarily from a threat to infant health. A safe limit of 10 mg NO3--N L' 1 
has been established for drinking water. 

The Agricultural Code of Practice for Ontario was designed, in pan, to reduce the 
impact of livestock wastes on water quality to acceptable levels. The Code of Practice 
established minimum land areas for livestock operations based on the nitrogen in the 
manure. Manure-N application rates twice that required by the crop are permitted. This 
assumes that only half the nitrogen present in the manure would be available to the crop in 
the year of application. While this may be an acceptable limit for a single year, continued 
application at this rate may not be acceptable. 



In spite of the acknowledged potential for impact of livestock manure on water 
quality, only limited research has been conducted on this problem in Ontario. With the 
major increase in concern for N03' in groundwater it is imperative that increased effort be 
devoted to assessing and reducing the impacts of livestock wastes. Maximum 
environmentally acceptable application rates 1 for fertiliser and livestock manures must be 
defined for a variety of nitrogen sources and soil types. These maximum rates must be 
based on field studies examining nitrate movement below the mot rone. 

Evaluation of potential nitrate movement into groundwater is complicated by the 
potential for denitrification in the sub-soil, a process whereby N"03 - is convened to gaseous 
nitrogen oxides and ultimately nitrogen gas. This is particularly true of organic nitrogen 
sources such as livestock manure where both nitrogen and carbon are being added to the 
system. The addition of carbon increases the potential for denitrification and therefore 
moderates the nitrate leaching potential The extent of sub-surface denitrification as a 
function of manure type, soil type, time of application and depth to groundwater has not 
been assessed. This information is important to the determination of maximum 
environmentally safe application rates of manures and fertilizers. 

The objectives of this work arc: 

1. To determine the amount of NO3" and dissolved organic carbon leaving the root 
zone as influenced by nitrogen source and rale of application. 

2. To establish the effect of time of manure application on crop response and NO3' 
movement 10 the groundwater. 

3. To evaluate the potential for denitrification at several soil depths in relation to 
dissolved organic carbon and NO3' transported from the root zone 

The study, located at the Elora Research Station, examines three nitrogen sources 
(ammonium nitrate, solid beef cattle manure and liquid dairy cattle manure), ai three rales of 
application (0.5 x, i.O x and 1.5 x recommended rates based on spring soil NO3- test) and 



The maximum environmentally acccji utile raw of nitrogen apphcanon is that which will aisurc 
thai the annual volume-averaged N03" concentration in water leaving the root zone does not escecd a set 

. :tvi"ili:i;ii.i; 



at two times of application {spring and fall). Monitoring of porewater nitrate concentration 
at 75 cm depth is combined with a detailed study of solute transport 10 evaluate nitrate 
movement to groundwater. Major processes of the nitrogen cycle will be monitored by 
measuring biomass C and N, mineral N, and dissolved organic carbon at four soil depths 
(0-15, 15-30, 30-45 and 45-60 cm). Denitrification potential is being examined in soil 
samples from three depths ( 10, 20 and 40 cm) on plots receiving the highest rates of N 
application. 



lis 



HYDROGEOLOGY OF AN UNCONFINED SAND AQUIFER 

AND ITS EFFECT ON THE BEHAVIOR OF 

NITROGEN FROM A LARGE- FLUX SEPTIC SYSTEM 

by 

W.D. Robertson and J.A. Cherry 

Waterloo Centre lor Groundwater Research 

University of Waterloo 

Waterloo, Ontario 

M2L 3G1 CANADA 



Abstract 

Detailed monitoring of groundwater in a shallow sand aquifer impacted by a largt-fluj septic system 
showed that water quality in the shallow water utble lone below the tilt bed was similar to that of smaller-flux 
septic systems in simitar hydrologic settings where effluent residency in the unsaturated zone was of similar 
duration. During residency of about one week in the 4-m thick unsaturated zone, effluent NH 4 * was Largely 
oxidited to NO; . about 7596 of DOC was biodegraded, and acidity produced by the above reactions was 
neutralized by dissolution of calclte. Beneath (he tile bed and extending laterally downgradieni a distance of 
80 ■ to (he Lake Erie shoreline, a distinct plume of impacted groundwater was easily distinguished by elevated 
levels of electrical conductance, CI', NOj , HCOj , Hi', Ca , and K* and by depressed levels of pH and 
dissolved oxygen. High NO3* levels that occur below the tile bed disappear, however, in the anaerobic plume 
core zone 10 to 10 01 downgradiem, apparently as a result of deni indication- The rich reserve of solid-phase 
organic carbon in (he aquifer sediment (25%) probably provides much or the organic carbon fur heterotrophic 
denitrification. This condition is in contrast (0 other septic system plumes in sand aquifers where high NOV 
levels persist and where aquifer organic carbon values are much lower. Although NOV is attenuated in the 
plume core, persistence of NO3' along the aerobic upper fringe of the piurae demonstrates the ability of septic 
systems to cause significant water-quality degradation of sand aquifers when (he conditions favorable for 
denitrification do not exist. 

The sharp boundary between the plume water and nan-impacted water adjacent to and overlying the plume 
in the area 50 to 100 m downgradient from the tile bed, and the undiluted nature of non-reactive solutes such 
as CI' throughout the core of the plume, demonstrates thai dispersion has only a weak influence on the plume. 
This is consistent with dispersion studies in many other sand aquifers. 



INTRODUCTION 

In 1936, the groundwater research group at the 
University of Waterloo began studies of the impact 
of conventional septic systems on uneonfined sand 
aquifers. This research encompasses single -family 
septic systems, larger muhi-usei septic systems, and 
Large aeration ponds These systems have several 
feaiures in common: (he effluent is domestic rather 
than industrial: the effluent infiltrates directly 
downward from the distribution tiles or pond 
bottom through unsaturated sand to the water table, 
which varies in depth from 2 m 10 15 m: below ihe 



water (able, (he effluent causes a contaminant 
plume which extends laterally in the aquifer toward 
the discharge area, and the plume at each site is 
easily delineated by the monitoring of mobde and 
relatively non-reactive effluent consutuents such as 
Na" or Cr. At each site, the plume has been 
monitored in exceptional detail by means of 
networks of single-hole multi-level piezometers or 
samplers of the type described by MacFarlane et ai. 
(1983) and Mackay et al. (1986). 

This paper describes one of these studies, a 
septic system at a campground in a seasonal use 
public park on the north shore of Lake Erie in the 



Frounce of Ontario. The jiie is referred 

to as the Long Point sue, after the name of the 
provincial park. The purpose of (he study is to 
determine the behavior of the mitogen species, 
NH d * and N0 3 ", in the groundwater zone below 
such a larger flux septic system and to evaluate 
geochemical conditions in the plume affecting their 
behavior. 

In septic -system effluent, nitrogen is an 
important constituent because it typically occurs in 
the concentration range of 20 to 60 mg/L 
(expressed as N> The maximum safe limit for NO,' 
specified for drinking water in North America and 
Europe is 10 mg/L (at N). Of the various 
constituents from septic effluent found in 
groundwater, N0 3 " is most commonly above the 
drinking water limit. NOj" a formed by oxidation of 
effluent organic nitrogen and NH 4 * during travel 
through the unsaturated zone. Dispersion in sand or 
gravel aquifers generally causes little attenuation of 
NOj"; therefore, N0 3 ' undergoes little dilution with 
ambient groundwater, Derutrificaiion, whereby NOj' 
is transformed to Nj and in uncommon 
circumstances to N ; or NH)', is the process of 
greatest potential to diminish NOj' in plumes. For 
denitrifieaiion 10 occur, the plume must be 
anaerobic and, in the plume, there must exist an 
adequate energy source for the bacteria that 
facilitate the denitnfkaiion process. A preliminary 
study of the Long Point plume indicated that 
derutrification was likely taking place in the plume, 
subsequently, 3 mare detailed investigation was 
directed at (he cause and geochemical effects of 
denitrification in the aquifer. 

Long Point Provincial Park is located at the 
west end of Long Point, which is a narrow sand spti 
extending 30 km eastward into Lake Erie from near 
Port Rowan, Ontario. The main 

campground, which is open from April 10 
November, has about 200 overnight camping sites 
and is serviced by a single comfort station 
containing toilets, showers, and facilities for clothes 
laundering. Since 1971 or earlier, effluent from the 
comfort station has been released to a conventional 
septic system tile bed by a water level-activated 
pump. Potable water usage in (he park is about 50 
m /day during the July and August peak, whereas 
only about 10 trr/day is used during the spring and 
fall. 
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Figure 2. Vertically averaged groundwater electrical 
conductance and water table configuration in the 
suriicial aquifer. 

Hydrostraugmphy and Solid-Phase Properties 

The six sediment cores taken along section A- 
A showed that the surftdal aquifer of permeable 
lacustrine sand extends to 5-10 m depth and overlies 
a continuous aquitard of clayey lacustrine silt (Table 
1; Figure 3). The erosional contact between the two 
units is sharp and iUtlying. The aquifer is relatively 
homogeneous, although several salty to pebbly 
sublayers can be traced between cores. The upper 
part of the aquifer has been reworked by wind. 
Sand lenses were also identified within the aquitard 
at the bottom of cores 24 and 33. 

The aquifer solids properties given in Table I 
show that the aquifer is permeable 
(hydraulic conductivity (K) - 2 x Iff 1 cm/s) and is 
rich in carbonate minerals (18.5 wt96 CaCOj 
equivalent). Sulphur content averages 0,02% of the 
sediment dry weight. The solid-phase organic 
carbon content of the aquifer (2.5%) is an amount 
that is much larger than values reported in the 
literature for other unconfirsed sand aquifers in 
Ontario. The high organic carbon and 

significant sulphur values in the Long Point aquifer 



Ta65e 1. Sediment solid phase proper, iei 











tpmi [a !■>! 


- * 


a 


• 


>Mi74i91hI 




» 


M 


■Hi nS 0i<-0 OJ] n«i 




I 


a 


oil to 003 hi) 




* 


* 


urtwmi fCiL"a, %i». ) 




111 




MB* MM 




gj 




Mhjfew 




M 




■ roYmlk CDnduClHI)' .(.mil) 




Ml* 


ftW 



? i r 



LONG P&Nf SITE 




■ I. .. , ii- ^i.iii i n it <7 , ,. 



» » Son 



Figure 3, CT distribution (lop) and groundwater 
residence lime (bottom ) along the plume centreline. 



probably originated at the time of deposition in a 
near-shore lake environment thai encroached on, or 
alternated with, wetlands. As discussed below, the 
organic carbon and sulphur contents of the aquifer 
probably exert a Hrong influence on gtochemical 
processes in the plume. 

GROUNDWATER FLOW 
The average hydraulic gradient observed along 
section A-A' (0.001 Figure 2) and the mean 
hydraulic conduetiviiy (K) or the aquifer (2 x 10" 2 
cm/s. Table 1) indicate, from the Darcy equation, 
that the horizontal groundwater velocity in the 
aquifer is on the order of 35 m/a in the area of the 
tile bed, and thai travel time from ihe tile bed area 
to the Lake Erie shoreline is about 2-3 years- In Ihe 
velocity calculation, a value of 0.35 waJ assumed fqr 



the effective porosity This value is rypicaj of 
surficiai lacustrine sand deposits in Ontario. 

A second estimate of groundwaier velocity and 
residence time in the area below the lile bed was 
provided by the bromide tracer lest. NaBr injected 
during ihe peak-use period resulted in maximum 
measured Br' concentrations of 92 mg/L in the tile 
effluent and 40 mg/L at the water table below the 
lile bed. The background level of Bi was <0j 
mg/L. Figure 3 (bottom) shows the position of peak 
Br' concentrations, 10, 19. 10, and 75 days after 
injection. The test showed thai average effluent 
residency on the septic tank was on the order of 1 
to 1 days and then about 7 days in the 4-m thick 
unsaturated jone below the tiles. Vertically 
downward flow was demonstrated in the 
groundwater zone below the liies. whete ihe tracer 
slug reached the bonom of the aquifer after 75 

"***■ PLUME CHARACTER 

A distinct plume of septic system -impacted 
groundwaier was found to emanate from the hie 
bed area. The plume has a uniform width of about 
60 m and extends SO m from the tile bed area to 
the Lake Erie shoreline, where it discharges at 
some unknown distance offshore (Figure 2). The 
plume waters were easily distinguished in the field 
by elevated levels of EC (1100 to 1500 jimhos/cm) 
reflecting higher average concentrations of CI' (46 
mg/L). Na - (37 mg/l), HC0 3 ' (229 mg/L). Ca : " 
(190 mg/L), K* (18 mg/L) and m ihe area below 
the tile bed, higher NOj' (51 mg/L as N) and PO a J " 
(2.3 rag/L as P) (Table 3; F.gures 2. 3. 5. 6. ). 

Generally, about 80% of the nitrogen in septic 
system effluent occurs as inorganic N (NH, * *■ 
NOj"). which is typically in the concentration range 
of 30-111 mg/L (Walker el al„ 1973; Viraraghaven 
and Warnock, 1975; Andreoli el al., 1979); 
therefore, inorganic N levels observed in the 
effluent ai Long Point and in the plume core below 
the tile bed appear typical of most domestic 
effluents. The plume waters were also characterized 
by slightly depressed pH levels (6.5 to 6.S) and 
slighdy increased DOC levels (5 mg/L) compared 
to background values (Table 3) . Except 

along the upper fringe, dissolved oxygen was low or 
absent within the plume, although background 
groundwater also had low DO al depth (Figure 6). 
Chloride distribution along the plume centerline 
(Figure 3) showed that, in ihe area below the lile 
bed, the plume encompasses the entire S m 
saturated thickness of the aquifer. In the 
downgradieni area below ihe Lake Erie beach, 
however, the plume becomes overlain, as the 
shoreline is approached, by an Increasingly thick 
lens of non-impacted groundwaier. This lens is a 
result or storm wash which periodically engulfs the 
beach area and has the effect of greatly increasing 
the water table recharge rale in thai area. 
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Figure 5. Vertical profile of CI' at a location 48 m 
dowagradient from the tile bed (piezometer bundle 
5). 



The boundary between the plume and the 
adjacent non-impacted waters is abrupt both 
vertically and laterally, and non-reactive soiuies such 
as G" remain almost undiluted from effluent values 
even in the downgradient areas (Table 3; Figures 2, 
3, and 5). The abrupt interface indicates thai (Ik 
sand aquifer has only a weak capacity to cause 
dispersion in any direction. Figure S shows that, n 
a location 48 m downgradieni from the edge of the 
rile bed (piezometer bundle 5\ CT vtjues along the 
upper boundary of the plume change from an 
essentially non-impacted value of U mg/L at 1 j m 
depth to a plume value of 44 mg/L at 1.9 m depth. 
Similarly, sharp Na* gradients observed along tbe 
top of the Cambridge septic system plume were 
used to ascertain, using calibrations of mathematical 
models, a value of vertical transverse fcpersivity for 
the Cambridge aquifer of on the order of I0" 3 m 
(Robertson et al, 1991; Shutter et aL, 1991). The 
Long Point aquifer appears to have a similarly small 
value of vertical transverse disperstvity. Large-scale 
natural gradient tracer tests in unconfined sand 
aquifers (SudicSty el al„ 1983; Freyberg, 1986; 
Carabediaa 1987; Moliyaner and Killey. 1988 a,b) 
and detailed mapping and modeling of plumes from 
municipal landfills on such aquifers (Frind and 
Hokianen. 1987; Frind and Mobon. 1989) are 
consistent with this finding of weak vertical 
transverse dispersion. 

GEOCHEMICAL PROCESSES 

Oxidation in (he Unsaturated Zone 

A comparison of the effluent and plume core 
composition (Table 3) and an examination of the 
major ion profiles below (be tile bed 
indicate (hat the most important unsaturated zone 
reactions are: consumption of effluent DOC by a 
reaction such as: 



CH 3 • Oj - COj ♦ H,0 



(1) 



where CHjO represents organic matter and 
nitrification of effluent NHj* by: 

NH 4 " * 20j - NO, • 2H* • HjO 0> 
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During midsummer, the effluent DOC level of 28 
mg/L decreased to 5 mg/L ai the water table, and 
(be effluent ammonium level of S8 mg/L N 
decreased to < 1 mg/L This indicates (bat 
reactions (1) and (2) were completed largely during 
(be 5- to 10-day residency of the effluent in (be 4-m 
thick unsaturated zone. A similar degree of DOC 
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Figure 6. Distribution or dissolved Oj, N0 3 ', NH, * 
SO, 1 ", and PO, 3 " along the plume centerline. 



oxidation and NH,' nitrification wis observed 
within she sandy unsaturated zones at the 
Cambridge and Mustek » single-family septic system 
sites (Robertson el il, 1991; WUheim et al., 1991). 
At the former site, effluent residency in the 
unsaturated zone was about 10 days, similar 10 Long 
Point, while, at the latter site, residency was 
somewhat longer. Likewise, Walker et aL (1973) 
reported complete nitrification or effluent NH 4 * 
within 1 to in unsaturated sand below a lile line at 
a septic system in Wisconsin. Reactions (1) and (2) 
consume oxygen; therefore, the unsaturated zone at 
Long Point is presumed to be aerobic during 
midsummer. The observed depletion of groundwater 
DO and the continued attenuation of DOC levels 
from values of about 5 mg/L at the water table 10 
near -background values of 3 mg/L at depth 

suggest that reaction (1) continues below the 
water table. 



Acidity is produced by NH," nitrification 
(Equation 2) and indirectly from CO- produced by 
DOC consumption, i.e.: 

(3) 



so that depressed pH Levels (6.5) are observed at 
the water table. Significantly increased Ca* * levels 
observed at the water table, however (190 mg/L vs. 
the effluent value of 77 mg/L; Table J ), 

suggest thai much of the acidity is buffered in the 
unsaturated zone by calcite dissolution; 



CaCO, 



H 



.* 



hco; 



(*> 



Groundwater Zone 



Geochemicai speciation modeling using a 
revised version of the computer code PHREEQE 
(Parkhurst et al., 1980) suggests thai the plutne 
waters maintain a condition of near-saturation with 
respect 10 calcite as log saturation indices (SI) for 
calcite vary within a narrow range close to zero 
(-0J2 to 0.11). 

the shallow water table zone below the tde bed is 
supersaiuraied with respect to hydroxylapatiie 
(CajOH(POJ 3 ) with log SI values in the range of 
0.76 to 0.99 observed. The abrupt attenuation of the 
FO, 3 " plume at a depth of 2 m below the water 
table (Figures v ) is thus possibly the result of 

a mineral precipitation reaction, particularly since 
the lone oj PO, attenuation is also a zone where 
pH and Ca concentrations increase along 
flowpaths- Both of these factors would decrease 
hydroYyiapaute solubility A similar condition of 
P0 4 distribution and attenuation was observed at 
the Cambridge septic system site also located on 
carbonate-rich sands (Robertson et al., 1991; 
Wilhelm el a!, 1991). PO, 3 " is generally highly 
attenuated in subtile sediments (Sawtiney and Starr, 
1977^ Jones and lee, 1979); Ihus, PO, 3- behavior at 
Long Point appears typical. 



DEVITRIFICATION 

Almosi complete disappearance of NOj" (to 
<0_5 mg/L-N) occurs in the plume core 10 to 70 m 
downgradient from the tile bed (Figure S) and at 
the bottom of the aquifer in the area below the tile 
bed . These zones or nitrate loss correlate 

closely to the zones of low ( <03 mg/L) or absent 
DO. This is demonstrated most vividly in the 
downgradient area where NO3' persists at 



eoncemrationi > 20 mg/L-N along the upper fringe 
of the plume where DO levels are >0.3 mg/L. The 
correlation between low N0 5 and a deficiency of 
oxygen suggests that N0 3 ' is being losi due io 
denimncation. Denitrificaiion normally occurs 
through a series of tnierobially mediated steps 
whereby N0 3 ' is reduced to N 3 , which occurs in the 
water as dissolved gas and aqueous N, (Delwiche, 
1981). The composition of exsolved gas bubbles 
from the NOj" attenuated zone was more than 90% 
Nj (Table 5), further implicating denitriTication 
(Vogel et al., 1981). The small amount of Oj 
delected in the gas bubbles (0.1 to 0.9%) was 
probably the result of sampling error as dissolved 
0-. was known to be depleted in this plume zone 
(Figure 6). In anaerobic environments where labile 
organic carbon is available as an electron donor, the 
reaction is catalysed by heterotrophic bacteria and 
can be simplified to (Delwiche, 1981 ): 



5CH,0 - *NOj - SCO; • 2N 2 



3H,0 • *OH ■ 



(5) 



This reaction has been used to account for NO}" 
•naouasioo observed in several anaerobic 
groundwater environments (Trudeli el al., 1986; 
Smith and Duff, 1983; Starr and Gillham. 1989). 
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PREDICTION OF BIOfcCCUHULATIOH OF POLYCHLORINATED BIPHENYLS IN 
ONTARIO FISH. 

E, Bentzen, D.R.s. Lean and C. Hauschild, Environmental and 
Resource Studies, Trent University, Peterborough, Ontario K9J 
7B8, and W. A. Scheider, Ministry of the Environment, Toronto, 
Ontario M4V 1K6. 

Rasmussen et al . (1990) recently developed a model for the 
prediction of total polychlorinated biphenyls (PCBs) in lake 
trout as a function of three predictor variables. The model was 
developed from the Ministry of the Environment Sport Fish 
Contaminants Monitoring Program and used lake means (n = 1 to 32 
fish) of PCB measured in skinless and boneless dorsal fillets 
(OMOE 1986) . Total PCBs were found to be a positive function of 
both the percent lipid content of the trout and a classification 
rank describing the food web structure of the lake planktonic 
community (described below) , and a negative function of the 
latitude of the lake. Although these three predictor variables 
described a significant fraction of the variability in PCB 
content (r*= 0.74), significant correlations between the 
predictor variables make it difficult to rank their relative 
contributions to the observed lake trout PCB burdens. A major 
goal of this research was to evaluate the model using the 
individual fish data in place of the lake means, since 
considerable within lake variability in lake trout PCB content 
has been observed. The second goal was to examine the degree of 
collinearty between the predictor variables by residual analysis, 
in order to determine which of the predictor variables has the 
greatest impact on lake trout PCB burden. Another goal was to 
use the model to predict PCB levels in Lake Ontario lake trout in 
order to evaluate the contribution of urban and industrial 



tff 



activities. 

The lake classification system developed by Rasmussen et al . 
(1990) distributed lakes among 3 classes which describe the 
presence or absence of pelagic planktivorous fish, such as 
ciscoes, alewifes, smelt and whitefish, and the presence or 
absence of the freshwater invertebrate, Mysis rellcta. class 1 
lakes have relatively simple food webs since neither Mysis nor 
pelagic planktivorous fish are present, in Class 1 lakes, lake 
trout are planktivorous and feed almost exclusively on the 
zooplankton, whereas in Class 2 and class 3 lakes the trout are 
piscivorous. Class 2 lakes include lakes with pelagic 
planktivorous fish, but no Mysis, and these planktivores feed 
upon the zooplankton. PCB content of Class 2 lake trout are 
higher than class 1 lakes, but less than Class 3 lakes which have 
a more complex food web. Class 3 lakes include the pelagic 
planktivorous fish as well the Mysis which are the major food 
item for the planktivores. Mysis prey upon the zooplankton and 
larger phytoplankton, thus there are several food levels between 
the plankton and the lake trout in Class 3 lakes, and the 
bioaccumulation of PCBs is the greatest. 

Data for 657 individual lake trout from 50 Ontario lakes 
were uBed in the analyses. Plots of PCBs as a function of fi»h 
length or percent lipid content demonstrated a better fit against 
fish length. While the Ramsussen et al . (1990) means data 
suggested a better fit using percent lipid, the difference 
between lipid and length was minimal. Plots of the PCB 
distribution versus lake latitude indicated that northern lakes 
do have less contaminated fish. However, highly developed lakes 
in the Muskoka and Haliburton regions at 4500 to 4540 °N (e.g. 



Lake of Bays, Muskoka, Lake St. Nora) not only contain fish high 
in PCBs, but also have had greater sampling effort. This could 
bias the latitude contribution to the model and needs to be 
further examined. Identifying the contribution of latitude is 
important since it Hay relate to patterns of atmospheric 
distribution and fallout of contaminants, with lakes furthest 
removed from the urban centers receiving lower contaminant 
loading. One means of demonstrating this effect is by plotting 
different contaminants against one another; for example, the 
plot of the sum of DDTs against PCBs across a set of lakes has an 
r 1 of 0.81. Thus lakes high in one contaminant are also high in 
others, suggesting the atmosphere as a common source. These 
plots are also useful for identifying outliers, lakes with 
additional or point source contamination. 

The plot of PCB content in lake trout against the lake class 
rank clearly demonstrates the importance of the structure of the 
food web. Class 1 lakes are uniformly low in PCBs {< 100 ng/g 
wet weight), Class 2 lakes are somewhat higher (100 to 400 ng/g 
ww), while Class 3 lakes contain fish as high as 1600 ng/g ww. 
However, the range of PCB content of Class 3 lakes is extremely 
broad and the lower levels are not different from Class l or 
Class 2 lakes. 

Two regression models are presented: both relate PCB in 
lake trout as a function of latitude and class number, and either 
fish length or percent lipid. The fit obtained with either form 
of the model was similar, with r 1 equal to 0.50 for the length 
model and 0.47 for the percent lipid model. Both regression 
equations were then used to predict the PCB burden of Lake 
Ontario lake trout, with the result that either version 



systematically underpredicted PCBs for Lake Ontario trout. 

The ratio of DDT to FCB in Lake Ontario is significantly 
lower than for the other lakes. This observation, together with 
the model underestimating Lake Ontario lake trout PCB content, 
suggests that Lake Ontario PCB levels are higher due to 
alternative sources than what the inland lakes recieve. However, 
the arithmetic mean PCB in Lake Ontario is not different from the 
arithmetic mean PCB for Class 3 lakes. This is attributable to a 
subset of Class 3 lakes identified with very high PCB levels. 
These results suggest that an alternative predictor variable to 
explain the wide range of PCB levels in Class 3 lakes would 
improve the model fit, and may in turn also improve the 
prediction of PCBs in Lake Ontario lake trout. With suitable 
refinement, we hope to identify the relative contribution of 
point source versus atmospheric inputs to Ontario lakes. In the 
past, this was not possible because of the confounding problem of 
elevated contaminant levels due to trophic structure and 
latitude. 
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FLOW OF MANURE THROUGH SOIL MACROPORES 

R.J. Fleming and S.H. Bradshaw 

Centralis College of Agricultural Technology, OMAF, 

Huron Park, Ont. N0M-1Y0 

VariouB studies have linked the spreading of livestock manure to a degradation in the 
quality of land-drainage water and surface water (e.g. Evans and Owens. 1972; UC, 
1980; MOE and UTRCA, 1984). Land- spreading continues to represent to the farmer 
the most practical and efficient way of recycling the nutrients and organic matter 
contained in manure. Unfortunately, even when farmers have followed the advice of 
printed cropping recommendations or crop consultants, they have sometimes had 
problems with liquid manure entering field tile drainage ByBtems. This has lead to 
contamination of surface water. 

Dean and Foran (1990) reported on liquid manure spread on a variety of farm fields, 
at rates ranging from 36 nvVha to 140 m 3 /ha. Significant contamination of tile 
drainage water occurred at 8 of the 11 sites. The spreading rate appeared to have 
little to do with this contamination. The most likely pathway for the manure seemed 
to be large soil pores (macropores - cracks, channels formed by plant roots or worm, 
or other relatively large voids in the soil). Priebe and Blackmer (1989) found that 
preferential flow of water through soil macropores was an important factor affecting 
N movement in Iowa soils. 

Objectives - 1) Determine to what extent flow of manure through soil 

macropores occurs under typical Southwestern Ontario 
conditions. 

2) Compare the macropore flow for the soil from two tillage 
systems - no-till versus conventional tillage. 

Collection of Soil Columns - A farm was selected that would give the following soil 
conditions: 

a) clay loam soil, no-till 

b) clay loam soil, conventional tillage 

c) sandy loam soil, no-till 

d) sandy loam soil, conventional tillage 

Different methods have been tried by researchers to obtain undisturbed blocks of soil. 
Most of these have used soil depths of only 30 cm or less. The problem addressed by 
this study involved manure entering drain tiles. Since drain tiles are typically 
installed at depths of 75 to 90 cm, a means of getting deeper cores was needed. The 
optimum solution appeared to be the use of 15 cm diameter pipe pressed into the 
ground using a Meta-Drill machine (Meta-Probe Inc., Picton, Ont). Fifteen columns 
were collected for each of the 4 soil conditions listed earlier. Each was about 60 cm 
deep (average depth = 61.4 cm, std. dev. = 1.9). 



Preparation of Soil Columns - As the columns came out of the ground, they were 
inspected to make sure no soil had fallen out of the bottom end (if soil fell out, the 
column wasn't used). End caps were fastened to both ends to prevent drying, and the 
Boil was transported to the lab. There, they were stored in a cool dark area for 
several days (still capped), 

The following steps were taken to bring the soil columns to a similar moisture 
content, as close as possible to Field Capacity 1 . The bottom of each column was 
wrapped with filter doth (geotextile) to prevent Boil from falling out. The columns 
were then stood in pails of tap- water, A depth of 37 cm of water was maintained in 
the pails for several days. The columns were removed from the pails and set on the 
test rack. The filter cloth was left in place for at least 12 hours and the soil was 
allowed to dry to Field Capacity. 

Applying Manure to Soil - Liquid swine manure was used for the test. Chloride 
was used as a chemical tracer. Manure was sprinkled onto the soil surface by pour- 
ing it through the sprinkler head from a garden watering can. Treatment 1 consisted 
of a depth of 10 mm of manure. Treatment 2 was double this amount. Treatment 
3 consisted of 10 mm of distilled water. Approximately one hour after these 
treatments were applied, distilled water equal to a depth of 10 mm was added to each 
of the soil columns. 

Effluent Sampling and Analysis - Effluent dripping from the bottom of the 
columns was collected in plastic bottles. These bottles were weighed at various times 
(after application of the final amount of water). When the effluent weight exceeded 
about 30 g, a new bottle was inserted and the sample was capped and refrigerated. 
After 17 hours, all bottles were weighed, capped, and refrigerated. Where there was 
in excess of 30 g of effluent in a bottle, a portion was drawn off into sterilized bottles 
for bacterial analysis. Effluent that had been refrigerated after only one hour 
(following treatment) was analyzed for levels of fecal coliform, fecal strep, and E. coli 
bacteria. For the remainder of the samples (i.e. those that had remained in the 
bottles at room temperature for several hours) only fecal coliform levels were 
measured. 

Soil Sampling and Analysis - When the effluent samples were removed, the soil 
columns were capped and laid on their sides to prevent further downward moisture 
movement. During the next week, soil samples were taken from each core. The soil 
column was removed intact from the pipe (the plastic pipes were cut; the soil in the 
steel pipes was pushed out). Samples of well-mixed soil were taken from five depths. 



1 Field Capacity - the state in the soil where capillary pores are saturated with 
water and all the water that will drain by gravity is gone from the soil. 



RESULTS AND DISCUSSION 

Effluent Volume - The speed at which liquid moved through some soil columns was 
dramatic. In some cases, liquid began dripping from the columns within two minutes 



In other cases, no liquid emerged, even after 17 
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Figure 1 Number of Boil columns for each soil 
condition (out of 15 total) having measurable 
amounts of effluent at 1 and 17 hours following 
treatment. (C=clay soils; S=sandy soils; NT=no- 
till; CT=conventional tillage) 



of application to the soil surface, 
hours following treatment. One 
hour following treatment, 34 of 
the 60 bottles contained some 
effluent (>1 g). At the 17 hour 
mark, this number had risen to 
49. This is shown for each soil 
condition in Figure 1. For the no- 
till clay soil, only the columns 
with measurable effluent at one 
hour had effluent at 17 hours. 

The quantity of effluent (at 17 
hours) varied from column to 
column. There was no significant 
difference (at p=0.05) in the 
effluent (as percent of applied) 
between the two soil types or 
between the two tillage practices 
(p values were 0.24 and 0.17 
reap.). The amount of effluent for 
the aand with conventional tillage 
was significantly higher than for 
clay with conventional tillage and sand with no-till (p=0.003). 

Figure 2 shows the cumulative totals of effluent for the two soil types and the two 
volumes of liquid applied. Not surprisingly, the soils receiving three g/cm a of liquid 
had higher volumes of effluent than those receiving only two g/cm ! . Also, for each of 
the four conditions shown, the greatest effluent yield occurred during the first five 
hours following treatment. 

Bacteria - At the one hour mark following treatment, 20 effluent samples were 
refrigerated and later analyzed for numbers of fecal coliform, fecal streptoccocus, and 
E, coli bacteria. Subsequent effluent samples were analyzed for only fecal coliform 
bacteria. 

In the first group of 20 sampleB, levels of the three types of bacteria were similar. 
The bacteria in the effluent represent 2.6'i and 2.2% of the bacteria applied in 
treatments one and two, respectively - for the 20 soil columns involved. The two 
tillage methods did not appear to cause any significant differences in the levels of 
bacteria in the effluent. However, the two soil types were significantly different 
(p=0.0002). The geometric mean of the total number of fecal coliform bacteria for the 
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clay soils (only those soil 
columns have effluent tested 
for bacteria) was 41 per cm 3 
surface area. This compares 
to 0.31 for the sandy soils 
(n=19 and 22, resp.). 
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Figure 2 Comparison of effluent quantities by soil 
type and treatment over time. (Treatment 1,3 
equiv. to 2 g/cm 3 applied; Treatment 2 equiv, to 3 

g/cm a ) 



Chloride - The amount of 

chloride applied to the soil in 

Treatment 1 was 4.76 mg/cm 3 . 

and for Treatment 2 was 9.62 

mg/cm 3 . Unfortunately, the 

measured levels of chloride in 

the manure and in the effluent 

were much lower than 

expected. Based on the lab 

results, the CI application 

rates were only 0.69 and 1.37 

mg/cm a for Treatments 1 and 

2, respectively. There is no 

obvious reason for this 

discrepancy. The chloride levels for the various soil layers (discussed later) were at 

or about the predicted levels. This suggests that the lab results for the chloride levels 

in the manure (and therefore, the effluent) were incorrect. 

The following can be said about the chloride values that were reported by the lab: 
a) there were no significant differences in total chloride amounts (expressed as 
mg/cm 3 of soil surface) between soil types or tillage practices; b) the two manure 
applications did not produce chloride concentrations in the effluent that were 
significantly different from the control. 

Soil concentrations of chloride told a different story. Figure 3 shows the total 
amounts of chloride in the soil column for the clay soil. Similar results were found 
for the sandy soil. In both cases, chloride levels were elevated due to the relative 
amounts added in the two manure application rates. This elevation of levels was 
most marked at and near the soil surface, but, in the case of the clay soils, extended 
right through to the bottom of the soil column. Approximately 40% to 60% of the 
chloride added to the soil surface (based on the "calculated" concentration of chloride 
in the manure) was subsequently measured in the soil. The remaining amount of 
chloride cannot be accounted for. Presumably, some quantity greater than what the 
lab results suggest was present in the effluent. 

Other Parameters - Levels of nitrate-N (N0 a -N) and ammonium-N (NH,-N) were 
measured in the manure, soil, and effluent. NH 4 -N is considered to be "available" to 
growing crops. N0 3 -N is a soluble form that is leached from the soil relatively easily. 
These are less stable in the soil than chloride. As a result, the lab results may not 
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Figure 3 Total levels of Chloride in the soil columns and in the effluent for the 
clay soils - geom. mean values 

provide an accurate representation of the N situation just after manure application. 
Only 10 to 26% of the N0 3 -N and NH 4 -N applied can be accounted for. The manure 
application affected the NOj-N and NH.-N levels to a depth of about 30 cm. The 
results were similar for the sandy soil, with the NH 4 -N levels showing even less 
pattern. 

Soil moisture was measured as the soil was being analysed for chemicals. Ranges in 
average dry matter content were 73%-82% for the sandy soil and 81%-84% for the 
clay soil. 

Other Observations - The main macropore pathways in the soils in this study 
appeared to be worm holes. Worm holes were observed in most of the soil columns. 
These ran vertically and appeared to be continuous to the bottom of the column. 

On 8 of the clay columns liquid was ponded on the surface even at 17 hours following 
liquid application. No effluent emmitted from the bottom of any of these soil 
columns. It appeared that the surface effectively sealed itself. 



CONCLUSIONS 



1. The quantity of effluent from the soil columns was not significantly different 
between the two soil types or between no-till and conventional till. The 
greatest quantity of effluent was for the sand, conventional tillage. 

2. The flow of effluent from the soil appeared to be nearly stopped at 17 hours 
following treatment, and greater than 50% of the flow occurred during the first 
5 hours. 

3. At 1 hour following application of liquid to the soil surface, liquid effluent had 
emitted from 34 of the 60 soil columns. 

4. A certain amount of bacteria and chemicals in the manure was detected in the 
effluent. For the 20 soil columns with the greatest effluent flow at one hour 
following treatment, just over 2% of fecal conform bacteria applied was 
measured in the effluent. The amount of chloride, the tracer chemical, in the 
effluent wbb not significantly different for the three treatments (however, 
problems in the lab analysis of chloride in the liquid samples were suspected). 

5. While it appears that some preferential Dow (i.e. macropore flow) occurred, it 
also appeared that raw manure was not flowing intact through the soil column 
- rather, there was some dilution or displacement taking place. 

6. The method of extracting soil columns and testing for macropore flow appeared 
to work well. The soil columns were the maximum depth possible for the 
machine and soil conditions encountered. 
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Hydromechanical Behaviour of Fractures at the Clarkson Field Site 
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Introduction 

The subsurface migration of toxic contaminants from industrial and landfill disposal sites 
underlain by fractured clay and rock can pose a significant threat to potable water supplies. For 
fractured rock with low matrix permeability, fractures provide the predominant pathways for 
subsurface migration of contaminants. A site, near Clarkson Ontario, containing two unconnected 
horizontal fractures resulting from exfoliation are used in this study. The fractures occur near the 
surface, at the contact of limestone inierbeds within the Meaford-Dundas shale. 

Flow in a single fracture is traditionally modelled by assuming the walls of the fractured are 
parallel and smooth. Because real fracture surfaces are rough and heterogeneous, flow in the 
fracture plane can be tortuous and deviate from the parallel plate model. In addition, changing 
stress conditions within the shale, such as excavation of a pit or the emplacement of a bcrm to 
contain hazardous wastes, may open or close the fracture thus affecting hydraulic conductivity 
and solute transport. 

In order to study the closure problem, three objectives were defined: 1) to characterize fracture 
surface roughness and generate stochastic realizations of fracture surfaces, 2) develop a model 
which describes the closure mechanics of the stochastic surfaces in contact, and 3) to couple 
deformations resulting from fluid flow in the resulting aperture distribution 



Characterizing and Generating Rough Fracture Surfaces 

The first step in the analysis of fracture apertures and closure is to obtain core samples from the 
field containing pre-exisiing fractures. In the case of this study, fractured clay samples with 
similar suffness to the shale at the Clarkson site were obtained. The core is then opened along 
the fracture plane and profdes are traced using a profilometer. 

Following the work of Brown and Scholtz [19851, fractal geometry is employed to characterize 
and generate fracture surfaces. Using a profile obtained along a direction, x, with N data points, 
the spectrum is computed by [Brigham, 1988]; 
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where A is the data spacing, fj, is the frequency of spectral estimate S,(f t ) and w t represents the 
value of the spatial window function at data point L Conceptually, the spectrum represents the 
expected amplitude of asperities (peaks in the surface roughness) with base widths ranging from 
the length of the profile to twice the discretization interval. When the spectrum is plotted on a 
log{S,(f)J vs. log(f) axes, the fractal dimension D of the profile, which is related to the slope [J 
of the spectrum, is then computed by the relationship [Voss, 1985a]; 

: <5*P) 



D- 



(2) 



The fractal dimension of a 1-D profile can be used to generate 2-D fracture surfaces with 
equivalent toughness by using the method of Random Midpoint Displacement as described by 
Fournier [1982] and Vast [1985b]. Realizations of the fracture surfaces used in this study can 
be seen in Figure 1. 



Hydromechanical Model 

To facilitate hydromechanical behaviour, the fracture surfaces are conceptualized as a series of 
rectangular asperities of different heights (representing surface roughness) resting upon a half 
space (representing a uniform smooth base). This model is designed to provide information on: 
I ) the normal stress vs closure of the fracture, 2) the percent contact area during closure, 3) the 
spatial aperture distribution, 4) nodal fluid pressures, velocities, discharge and 5) fluid 
deformation effects as a function of the hydraulic gradient and applied pressures. 

Closure of the fracture surfaces occurs as the half spaces are pushed together at incremental 
distance steps of 5. At each closure step 5, displacement continuity is accounted for at each nodal 
asperity in contact between the two surfaces. A stress/displacement relationship is then solved 
to yield the nodal force at the contacting asperities since the area of the asperity is assumed 
constant. The asperities are modelled as 1-D elastic columns for which the stress/displacement 
equation is given by; 

M 
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where 1, is the length of asperity i, Al| is its change in length, E is the Young's Modulus and o, 
is the stress. 



Once the nodal force at a contact point is known, the deformation to the entire half space is 
calculated creating mechanical interaction between the asperities. The deformation is determined 
by solving [modified from Jaeger and Cook, 1976]; 



-i-i±ff ^ <«, (4) 

This integral is solved by mapping the nodal force function and kernel onto a fracture grid 
consisting of N nodes in the x direction and M nodes in y direction. Each node has some scalar 
length Ax and Ay and is further subdivided into a subgrid so thai nodal force is mapped as a step 
function as opposed to a point load. The 2-D discrete Fourier transform of both the force and 
kernel functions are then computed and multiplied together to form a circular convolution. The 
21) inverse Fourier transform is then applied to calculate nodal displacements w,. 

Fluid flow in the aperture distribution is found by solving the Navier-Slokes equation for uniform 
flow between parallel plates. Assuming (low is incompressible, viscosity and density are constant, 
and the viscosity term dominates, nodal discharge is calculated by [Bear, 1972]; 

Q,*IL (26.)' VA (5) 
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where Q, is the discharge at node i, pg is the unit weight of the fluid, u is the viscosity, 2b is the 
nodal aperture and Vh is the hydraulic gradient. Hydraulic head, h, is related to pressure P by 
dividing by the unit weight of the fluid and adding i datum elevation. Assuming fluid flux 
conservation such (hat; 

V-(?,=0 (6) 

nodal hydraulic heads are found by writing (6) in Finite volume form and assembling the global 
matrix with constant head boundaries at opposite ends of the fracture and zero flux boundaries 
applied to the remaining two sides. Nodal heads are then convened to pressures to determine 
fluid deformation effects. 

llydromechanical behaviour of the fracture surfaces is achieved by relating the nodal pressures 
caused by fluid flow to the nodal forces causing deformation of the asperities and the half spaces. 
Because the asperities and half spaces deform linear elastically, all strain results during closure 
become dimensionless when divided by the Young's Modulus. Stress results with 
hydromcchanical behaviour are made dimensionless by dividing the pressure at the inflow 
boundary by the Young's Modulus for a given pressure gradient. 



Results and Discussion 

Surfaces were generated for this study using a fractal dimension of D = 2. 1 35 with a standard 
deviation of a - 0.76I3mm based upon measurements obtained from clay fracture profiles. 
Surfaces were modelled using 64 by 64 nodes with each node having an 8 by S node subgrid. 
The dimensions of each node were 0,001m in the x and y directions. This particular geometry 
was employed due to instability in the closure algorithm when the width of the asperities 
becomes much greater than the mean height. In addition, the stress results during closure can be 
made dimensionless by dividing by the Young's Modulus, If the width of the nodes become loo 
large, the problem may be stable but the results may not be dimensionless. The node dimensions 
chosen were the optimum for stability and dimensionality. 



Stress vs strain curves are constructed for closure of surfaces exhibiting hydromechanical 
behaviour. Curves showing total contact stress, o, for various fluid pressures, P, at the inflow 
boundary were made dimcnsionless by dividing by the Young's Modulus E (Figure 2), Closure 
of the half spaces is divided by the maximum aperture of the undeformed aperture distribution. 
A strain of 1.0 thus represents maximum closure. 

Hydromechanical behaviour with dimensionless pressure at the inflow boundary, P/E, equal to 
0.0001 is indistinguishable from P/E equal to 0.0 (no hydromechanical behaviour). When P/E 
equals 0.001, stress- strain results are significantly different. This is due to nodal fluid pressures 
which cause asperities which were not in contact to push into the half spaces of the upper and 
lower fracture resulting in the separation of some neighbouring asperities which were in contact, 
thus reducing contact stresses. This effect is particularly evident for P/E equal to 0.01. In this 
case, none of the asperities contacted until a strain of approximately 0.2 was attained. 

Discharge though the fracture computed by solving for flow in the aperture distribution agrees 
very well with flow computed by taking the arithmetic mean of the aperture distribution and 
using the parallel plate model (Figure 3). This is surprising given the tortuosity and channelling 
as seen by the nodal fluid velocity vectors (Figure 4) in the aperture distributions with 0, 10 and 
20% contact area (Figure 1). 



Conclusions 

Numerical simulations conducted for this study indicate that the deformation characteristics of 
a fracture can be significantly influenced by the presence and migration of a fluid. Discharge in 
the deformed aperture distributions appears to agree well with the parallel plate model despite 
significant tortuosity in the flow path. 

Future development will include the derivation of constitutive relationships involving stress, 
strain, flow and contaminant transport within fractures using a Monte- Carlo simulation approach. 
These relationships will be built into * realistic 3-D model representing the fracture network at 
the Clarkson Field site. 
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Figure t : Underside of upper fracture 
surface A is in contact with side in 
view of lower fracture surface B, 
Surfaces generated with D = 2. 135, a 
= 0.76lmin (fracture set A). 
Undeformed aperture distribution with 
I point in contact C and deformed 
aperture distributions with 10% contact 
area t) and 20% contact area E. 
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Figure I: Total contact stress at points of contact vs strain for various 
different dimensionless fluid pressures (P/E) at the inflow boundary 
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Figure 3: Flow vs strain with hydromechanical behaviour. Solid lines are 
flow in aperture distribution, dashed lines are flow using cubic law and 
arithmetic mean aperture. 
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Figure 4: Nodal fluid velocities in 
undeformed aperture distribution A, and 
deformed aperture distributions with 10% B 
and 20% C contact area. Aperture 
distributions generated from fracture set A. 
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Abiotic factors involved in predicting trace metal levels in freshwater bivalves. 

Andre Tessier and Peter C>.C. Campbell 
INRS-Kau. C.P. 7 500, Sainlc Foy. Qc, GIV 4C7 

INTRODUCTION 

Trace metals are progressively added to the aquatic sediments where they pose a potential 
threat lo benlhic organisms. The development of rational effective and economical strategies lo 
solve the problem of contaminated sediments will depend greatly on our ability to predict how 
remedial actions will improve water quality and how the changed conditions will affect aquatic 
organisms. A promising approach to the prediction of metal bioaccumutation by benthic 
organisms, and eventually to the prediction of mclal effects on this community, would be to 
develop deterministic models based on sound geochemical and biological principles. The 
present study represents an attempt to develop such a deterministic model of general 
applicability lo predict the bioaccumulation of cadmium by the freshwater bivalve Anodonm 
grandis. In the formulation of the model, we use concepts derived from the free-ion activity 
theory of metal-organism interactions, and from surface completion theory, to relate C'd 
concentrations in (he bivalve lo those in the water or in the surHctal sediments, 

METHODS 

Oxic surficia! sediments (top first 0.5 cm), associated overlying water samples (obtained with 
porewatcr peepers) and bivalve specimens, when present, were collected within a study area of 
350 000 km 2 at 50 littoral stations located in 38 lakes. Water samples were analysed for Cd, pH 
and major ions. Sediment samples were extracted with various reagents, analysed for Cd, Fe 
and organic carbon concentrations. The soft pails of the bivalves were pooled (10 organisms) 
and analysed for Cd. 

RESULTS AND DISCUSSION 

According to surface complexalion theory, the adsorption of a trace nielal, M, on iron 
oxyiiydroxide surfaces can be expressed in a simplified manner (Benjamin and Leckie, 1981) 
by: 



-fa 



sFe-OM + x Il + (1) 



{-Fe-OM} [H + ] x 
*K Fe « {2[ 

(sFe-OH x ) [M z+ ] 

where charges on the solid species arc omitted for simplicity; "K^ is an apparent overall 
equilibrium constant and "■", !) and {] refer to adsorption sites,' and concentrations of solid 
and dissolved species respectively. Assuming a low surface coverage by M, and relating the 
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.concentration of free sites to thai ofiron oxyhydroxides (i.e. {EFeOH^) - N re (Fe-oxide), 
and the concentration of occupied sites to that of M associated with Fe oxyhydroxides (i.e. 
{ s FeOM ) - ( Fe -OM ) ) leads to (Tessicr. 1 99 1 ): 

(Fe-OM) f,H + ] x 
*K Fe - - (3) 

Hpe (Fe-oxide) [H z ) 

laboratory hioassays, conducted with marine benthtc animals exposed to dissolved metals 
under carefully controlled conditions have shown that the effects of trace metals on these 
animals are related to the free metal ion concentrations and not to the total metal 
concentrations. For example, mortality of the shrimp Palaemoneies pugio exposed to cadmium 
was shown to be proportional to [Cd ] (Sunda et a)., 1978). Similarly, short-term accumulation 
of copper in the American oyster Crassosirea virginka was found to be proportional to [Cu 1 *} 
(Zamttda and Sunda, 1982). These observations arc manifestations of the free-ion activity 
model (Morel, 1983); for bioaccumutation of a trace metal in an organism, it can be written: 

(H(orq) j m K p [M z+ ] (4) 

where IM(org)] is the trace metal concentration in the organism, and K is a proportionality 
constant. Combining equations (3) and (4) leads to: 

K p (Fe-OM) [H + ] x 
IM(orq)] = --— (5) 

N Fe K Fe (Fe-oxide) 

in equation (5), K , N Fe and "K Fe are constants, and the quotient comprising {Fe-OM}. IH*]' 
and {Fe-oxide} can be considered as a surrogate measure of [M**]. The use of equation (5) is 
illustrated by taking as an example the in situ accumulation of Cd, a non-essential trace metal, 
in the freshwater pelccypod Anotlonta gratulis (Figure lc). The values of {Fe-oxidc) (mole Fe 
g 1 ) is estimated from the iron concentration extracted from theoxic sediments with a reducing 
reagent (NHjOtt-HCl) ; sedimentary Cd extracted with NHjOli.HCI is taken as an estimate of 
(Fe-OCd}. The success of the surrogate measure in explaining the accumulation of Cd in the 
freshwater bivalve Anodonta grandis can be appreciated by comparing in Figure 1 c with a and 
b where other predictors of [Cd(org)] are used. Several comments are formulated below 
concerning Figure I, 

When Cd concentrations in the bivalves are compared with total cadmium concentrations in 
the sediments, no relationship emerge (Figure la). Past attempts to relate total metal 
concentrations in surftcial sediments to metal levels in indigenous organisms have generally 
proven disapointing; Figure la offers another example of the failure of this approach. Even 
when apparently successful within a limited geographical area, such empirical models cannot 
be used to extrapolate beyond the original data used to develop the statistical relationship. 

Similar conclusions (i.e. no significant relationship) are reached if the predictor considered is 
the ratio Cd/Fe extracted with NHjOH.HCI (Figure lb). Such an empirical normalization by iron 
oxyhydroxides as in this case or by organic carbon has been advocated for the prediction of 
As, Cu, Hg and Pb bioaccumulation in bivalves (Langston 1980, 1982; Luoma and Bryan, 1978; 
Tcssier ei al., 1983, 1984). The present study offers a likely explanation for these findings. The 
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Figure 1. Relationship between Cd concentration in the soft tissues of A, graiulis and lota! 
sedimentary Cd ((Cd) T ; A), ratio of Cd and Fe extracted with NH,OH.HCI ({Fe-Cd}/{Fe- 
oxide); B) and the same ratio multiplied by [H*]' (C). 



studies nT Langston (1980, 1982) and Luoma and Bryan (1978) were performed in estuaries, 
where the pH is relatively constant; die freshwater studies (Tessier el at,, 1983, 1984) were 
carried out in three lakes located in a restricted geographical area where the lake pH is 
relatively constant. In such case, [H*f* becomes approximately constant in equation (5) and 
sedimentary Cd normalised with respect to iron oxyhydroxides (or organic carbon) becomes a 
good predictor of (M(org)]; a logical consequence is that these predictors are not "universal" in 
the sense thai their application should be site dependent (i.e. restricted to a narrow pH range). 

The right-hand quotient in equation (5) is a relatively good predictor of cadmium 
concentration in A. granttis (Figure lc) except for one outlier (Harp Lake). Improvement to the 
prediction is expected when a better estimator of JFe OM} will be used. Indeed, there are some 
indications in the literature that organic matter can compete with iron oxyhydroxides in oxic 
sediments to sorb Cd (Lion et a!. , 1982). The use of sedimentary Cd extracted with NH-OH.HCI 
may overestimate {Fe-Cd); this effect would be amplified for lakes at tow pH. Sediment in Harp 
I Jikc (pH 6.93) present relatively large ratio {organic carbon/Fe oxyhydroxides} compared to 
other low pH lakes. 

Refinement of the proposed model, or the formulation of belter ones, will require a better 
understanding of the peochemical and biological processes involved in the bioaccumulation of 
trace melals by benthic organisms. For example, the nature of the sorption reactions that arc 
responsible for the presence of trace metals in oxic sediments is still poorly understood. 
Similarly, improved knowledge of Ihe feeding strategies of benthic animals would aid in the 
development of any future models. 
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The 1<N0 Toronto Personal Exposure Pilot (PEP) Study 

Ronald W. Bell. Robert E, Chapman, Brian D. Knischcl, Michael J. Spencer, Kevin V. Smiili 
and Maris A. Lusij 

Atmospheric Research and Special Programs Section 
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INTRODUCTION 

In a recent City of Toronto Department of Public Health survey, air pollution and its associated 
problems were identified by the majority of respondents as being iheir major environmental concern in the 
Toronto area. As a result of the Cily's initiative to analyze urban air for gaseous compounds not routinely 
monitored by themselves and other agencies, and the Ministry's mandate to investigate atmospheric 
concentration levels of volatile organic compounds (VOCs) lo which people are exposed, the need to 
establish a current air Ionic VOC data base characterising the major microenvironments in which people 
work and live was realized. Dining (tie summer of IWO, the Air Resources Branch (ARB) undertook an 
air quality personal e«posure pilot (PEP) ttudy in order lo characterise the indoor (home and orfice), 
outdoor (downtown and residential) and commuting micrncnviroiunents. In 1988, W.R. Oil 1 reported that 
from time budget analyses of employed people in 44 different U.S. cities, only 2% of their time was spent 
outdoors whereas 6% was spent in-transit, 28% indoors at work and 63% indoors at home. In Toronto. 
ii is estimated that people spend less lhan 10% of the time outdoors. 

METHODOLOGY 

Following an R day, mid-week cycle. 65 field samples were collected between lune 1 1 and August 
29. Samples were obtained by drawing 12 lo 24 litres of air through three-stage adsorbent cartridges and 
each sample was analysed by Gas Chromatography using Flame Ionization and Mass Selective Detectors 
(GC/PJO/MSO). Samples wetc dicrmally desorbed and focused onlo the head of a triple GC capillary 
column system (Iwo DB-1 phase and one DB-5 phase), and elutcd imo Iwo FIDs and the MSD. 
Identification was based on relative retention limes and mass spectral signaiure-s. while quantification 
employed FID responses. Although each sample was scanned in the range of C, to C„, no significant 
amounts or any unknown compounds were detected In order to facililale quality control, quality assurance 
and interpretation, the number of target compounds was reduced to 22 of ihe more ubiquitous aliphatic and 
aromatic volatile organics and their haloginated analogues as shown in Table 1. 

The four microenvitonmems studied were: 

Outd oor. Sixteen outdoor samples were obtained in the "downtown office" and 7 samples were obtained 

in die downtown residential" areas of Toronto. All samples were taken over 12-hour periods a! a height 

or IS metres above ground. 

Indoor; Office. Eight samples were obtained in several unoccupied offices and one laboratory in 

downlown Toronlo. Sampling was carried out during the regular work day in a "smoke-frce workplace". 

Indoor; Home , four samples were obtained at different residences within the Toronto airshed; namely. 

Oshawa, Tftomhill, Scarborough and Richmond Hill. The sampling was conducted overnight with durations 

up to 16 hours. 

Commuting. In order lo simulate the typical commuter's esposure to VOCs, several ARB staff members 

collected air samples while enroute to and from their residences and work, and as they walked about during 

their noon hours in downtown Toronto. All were non-smokers who refrained from wearing any lype of 

perfumes of lotions. The air samples were collected by personal sampler units and the sampling was 

conducted within the inhalation zone of each participant. The samples were of 1 to 2-hours in duralion and 

11. 8 and 8 samples were collected during the morning, noon and afternoon periods respectively. 



RESULTS AND DISCUSSION 

The Outdoor Environments: Downtown and Residential 

Willi respect to the imbient VOC data, the overall average concentrations were very low and 
similar to the results obtained by others (R. Bell'. T. Dann' and JJ. Shah'). Average VOC concentrations 
were less thin 20 iig/m' and usually, only 20 to 25 different VOCj were detected in each sample. Samples 
acquired at the 2 locations had similar chromatographic profiles. The dominant VOCi were the low- 
boiling alkanes. aromaiica (benzene, toluene and xylenes) with trace amount! of chlorinated and substituted 
benzenes. From ■ diurnal perspective, the ambient nighttime VOC concentrations measured at the 
downtown site were slightly higher than those measured it the residential site (Figure 1). This slight 
increase was thought to have resulted from the poorer atmospheric dispersion conditions and larger traffic 
volume in the downtown area. 

The Indoor Environments; Office and Home 

No unusual odours were detected in the offices or homes and all VOC concentration levels were 
less than US ug/m'. The chromatographic signatures of both (he office and home samples were similar, 
Low -boiling alkanes, aliphatics, aromaiics and some chlorinated aliphatics predominated, but sonic higlier- 
boilers were also detected. Major sources of indoor aliphatics and aromatics are floor waxes, wood stains, 
furniture polishes, room fresheners and adhesives. B.A Tklicnor suggested that oulgassing of chlorinated 
water was a major source of trichloroethene and oilier chlorinated organics and that dryclcaning was I 
major source of icirachlorocihcne. Higher ordered VOCl are attributed to cleansers, detergents and 
household solvents. 

Outdoor Versus Indoor Air Quality 

As noted in Figure 2. the indoor air quality daia was highly variable and upon examining the 22 
more ubiquitous compounds, some indoor concentrations were as much as 2 to 5 times higher than the 
outdoor air concentration levels. This observation is also supported by other researcliers in this field; for 
example, B.A. Tichenor* and H. Qreim'. Because of this apparent and significant increase in concentration 
levels indoors and the assumption that people in the Toronto area may only spend 10% of their lime 
outdoors, one must ask if enough emphasis is being placed on indoor air quality studies compared with the 
current ambient (outdoor) air monitoring programs. 

Commuting 

Five ARB staff members using some combination of car and public transit (subway or train). 
participated in this phase of die PEP study. The interpretation of the acquired data suggests that as the 
percentage use of the car increased, so did the concentration of VOCs found in the sample. As noted in 
Figure 3. the morning rush-hour samples appeared to have higher VOC concentrations than those collected 
during the afternoon rush hour. This may be explained by the longer rush hour periods and the better 
atmospheric dispersion conditions usually present in the afternoons as noted in similar work by C.C. Chan'. 
Staff members also collected one -hour samples while walking in downtown Toronto. However much lower 
concentrations and only 20 lo 2.1 different VOCs were delected in these samples, 

It was interesting lo note that based on 45 of the more prevalent VOCs measured during this sludy, 
Ihe total VOC concentrations differed in each microenvironment, bui the relalive concentrations of die 
aliphatics. aromatics and chlorinated VOCs were similar (Figure 4). 

CONCLUSION 

The PEP sludy represented an initial step lo investigate the exposure of individuals in Ihe Toronto 
area lo various VOCs. The acquired VOC dala set is limited and therefore the conclusions, comparisons 
and observations are tentative and conservative. Generally, all measured VOC concentrations were low 
(none of the applicable Ministry Air Quality Standards. Criteria or Guidelines were exceeded) and no 
unusual odours were detected during any of the sampling periods. Since people working and living in 
Toronto usually spend only 10% of their time outdoors, air quality from a personal perspective must be 
explored in greater detail if comprehensive human exposure assessments are lo be carried oul. 
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1990 PEPS VOC Results 
Diurnal Variations (Figure 1) 
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Outdoor Versus Indoor (Figure 2} 
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1. INTRODUCTION: The ever increasing demand for chemicals, 
their manufacturing, transportation , storage and use has 
posed a serious environmental problem. Inspite of extensive 
precautions , accidental releases of chemicals occur 
occasionally during all four phases of chemical use. In some 
cases, such as BhopaK India) and Mexico Ci ty(He« ico) , an 
accidental chemical release can have devastating effects. 

In addition to environmental problems posed by chemical 
spills, generation of electricity by nuclear energy poses 
its own problems. The nuclear energy industry has very 
stringent controls in all phases of its operation , however 
inspite of these controls accidents can occur ( e.g. 
Chernobyl and Three Mile Island). In Ontario there are three 
nuclear energy generating stations. To deal with any 
emergencies at these locations Emergency Planning Ontario of 
the Ministry of Solicitor General has devised » nuclear 
emergency plan and is the principal coordinator for 
emergency preparedness in Ontario. Environment Canada, 
Ontario Ministry of Envi rorment , Atomic Energy Control 
Board, Atomic Energy of Canada Ltd., Ontario Hydro and the 
municipalities in which the nuclear reactors are located 
form the group overseeing any nuclear emergency. 

There have been several environmental emergencies in Ontario 
involving chemicals where evacuation of large populations 
has been deemed a prudent precaution. In order to deal with 
such events, Air Resources Branch as part of the Ministry of 
Envirorvnent 's (HOE) spills action response, developed Bn 
EMERGENCY RESPONSE PSOGRAH. There are two aspects of the 
program, MONITORING and MODELl ING/KEIEOROLOGY . This paper 
concentrates on the MODELLING and METEOROLOGY part of the 
program. 

2. EMERGENCY RESPONSE PROTOCOL : In order to minimise 
envirorvnent al impact and human exposure in case of a 
chemical accident, it is important that appropriate 
mitigation measures ere taken imnediately. As a part of 
their mandate the Ministry of the Environment passed a 
SPILLS Bill. A Spills Action Centre was established to 
coordinate the response of the Ministry. This centre is 
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manned 24 hrs a day and under the spills act all chemical 
spills are to be reported to this centre. The centre then 
contacts the appropriate HOE's regional branch to mobilise 
WOE personnel. In many Instances some form of mathematical 
model lino and/ or meteorology is required to determine the 
area of impact end ground level concentrations. The 
modelling group of Air duality and Meteorology Section of 
the Air Resources Branch provides this information. A staff 
of sin forms part of the response team of ARB. Members of 
this team are on a two week rotating roster and are on call 
24 hrs a day. The person on call has at home during their 
two week assignment, a state of the art portable PC with 
mathematical models required for determining air 
concentrations. M0£ staff at the spill site provides 
necessary input data required by the model. 

The modeller/meteorologist on duty computes ground level 
concentrations and passes this along with any pertinent 
information on future meteorological conditions back to MOE 
personnel at the site. These data along with TLV.STEL and 
IDLH( threshold limit value, short term exposure level and 
immediate danger to life and health) data for the chemical 
of concern are then used by the response team on site in 
determining their eetions such as safe areas and evacuation 
I ones. 

The models implemented on the portable PC provide first Cut 
conservative estimates of ground level concentrations which 
are essential in providing a quick response to the emergency 
on hand. After the emergency is over or if it is of a long 
term nature { e.g. train derailment in Misslssauga in 1979, 
with subsequent chlorine leak), more comprehensive models 
are available to determine with greater accuracy the impact 
of the spill. The reliability of input information such as 
the amount of chemical released often limits the accuracy of 
predicted concentrations. 

3. MODEL DESCRIPTION: The Emergency Response Program is a 
multt module program written in BASIC. BASIC language was 
Chosen for its simplicity and ease of screen manipulation. 
The program is driven by menus and is very user friendly. 
Default values of the variables are provided if field data 
are not available. A flow chart of the program is shown in 
Fig. 1. Each module is described briefly in the following 
sections. 

METEOROlOGICAl MODULE: 

Dispersion of any pollutant released into the atmosphere is 
strongly governed by the prevailing meteorological 
conditions. Dispersion is limited if the winds are weak 
and/or if there is a low level inversion layer limiting 
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vertical mixing, three types of inputs are entered through 
this module: 



METEOROLOGICAL 



Prevai I ing meteorological conditions 
such as 



-Wind Speed/0 i rec t i on 
■Temperature 
-Cloud cover 

-Precipitation (snow/rain) 
■Mixing layer depth (default used if 
not flva i I able) 



SITE INFORMATION 



-Surface roughness (i.e. forests, 
cul tivated fields, urban area etc. ) 



RECEPTOR LOCATION i -Downwind and crosswind (location of 
points of concern ) 

SOURCE INFORMATION: -Emission rate (if known) 

-If emissions from stuck then 
stack parameters 

-Dimensions of building if present 

-If the incident involves a fire or 
explosion an onsite estimation of 
the plume/puff rise 

The program then computes all parameters needed to perform 
dispersion calculations. Ihe computed data are then written 
to a file which is accessed by other modules in the program. 

CHEMICAL INFORMATION : 

In addition to meteorological information, chemical 
properties of the emissions are required. A simple database 
containing physical properties as well as Threshold Limit 
VALUE (TLV), Short term Exposure Limit (STEL> and Immediate 
Danger to Life and Health (IDLH) values where available for 
about 400 chemicals forms part of the program. If a chemical 
is not listed in the database but its properties are known, 
they can be entered into the database easily. Uhen the 
desired chemical is located in the database, the program 
extracts the required data and writes to a file which is 
then used by other programs. The use of files for 
transferring the data from module to module ensures that if 
a rerun is required with say one parameter changed, then 
only the new variable needs to be entered, the remaining 
data is readily available from the old data files. 
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SOURCE CALCULATIONS : 

If the accident involves a container such as a tank (which 
is generally the case) end the entire contents are not 
spilled, this program then computes the expected rate of 
emission from the container. If the contents are spilled on 
to ground and form a liquid pool, the program then computes 
the evaporation rate from the pool. The siie of the pool 
would be obtained from onsite MOE personnel. Emission rates 
for continuous or instantaneous releases are computed and 
written to a file for use by other modules. 

SIMPLE - GAS DISPERSION MOOEL 

This model is a simplified mathematical description of the 
mining ( in ambient air ) of the released gas as the 
material moves downwind. It is conservatively assumed that 
the material is released at ground level. As the pollutant 
travels downwind, it mixes both horiiontally and vertically 
with ambient air thus reducing concentrations within the 
plume or puff. This module can handle both instantaneous and 
continuous releases. Figs. 2 and 3 show the development of 
a plume end a puff in the simple gas model. 

HEAVY GAS MODEL 

The behaviour of a gas which is denser than air is very 
different than that of a gas lighter or same density as that 
of the air. If the released gas is denser than air < at 
least 1 .25 * than air), the cloud slumps to ground due to 
gravity. Similarly if the release is from a stack the plume 
sinks instead of rising as in the case of positive buoyancy. 



Uhen an instantaneous release of a heavier then air gas 
occurs it forms a cloud. The model assumes that this cloud 
is cylindrical in shape with a radius 'R' and height 'H'. 
Due to gravity effects, the cloud slumps. In order to keep 
the model simple, it is assumed that during slumping it does 
not entrain air. When the gravitational forces are balanced 
by the fractional forces the slumping phase is assumed to be 
complete. The slumped cloud then entrains air at the top 
surface and starts to grow. As is the case in the simple 
gas model, a maximum height equivalent to the mixing layer 
depth is imposed on the cloud by the model. The cloud is 
advected downwind with the wind speed computed at the clouds 
average height at any given time. 

At present only an instantaneous release of a heavy gas is 
handled by the model. 

The model outputs concentrations in the cloud, cloud radius 
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and height and the location of leading and trailing edge of 
the cloud. This output can be stored for plotting or 
directed to a printer as desired, fig. 4 shows a schematic 
of the dispersing heavy gas puff. 



GAS MODEL (Module from Proposed CAP MODELS) 

This model was developed for regulatory purposes. It is a 
comprehensive plume model which can deal with all 
atmospheric stabilities andvaiious release character ist ies 
in a realistic manner. Ground level releases as well as 
elevated buoyant or neutral releases can be handled. 
Receptor locations can be defined on a grid or at any 
arbitrary locations. Buoyancy flux can be input if the 
accident involves a fire or an explosion and the resulting 
plume is buoyant. The model output can be either directed to 
screen or to a file for processing. 

ERP MODEL EXECUTION 

As shown in Fig. 1, the main entry is through METINFO. 
Current or past meteorological , source and receptor 
information is entered in this module. This information 
remains unchanged until new information is entered. Control 
is then passed on to the GAS subprogram which allows the 
user to select one of the models described in section 3. 
Prior to execution of the model , the user can select the 
desired chemical from the database. This information is 
also stored until changed in subsequent runs. After 
computing concentrations, control is passed back to the main 
menu. Different scenarios can be run by only changing the 
desired parameters. 

Run time greatly depends upon the number of receptor points. 
On a standard PC equipped with a math coprocessor, the heavy 
gas module takes about 60 seconds to Complete one run for 
about 100 receptors. The other models execute more quickly. 
Run time is longer (about one and a half times) if there is 
no math coprocessor. 

PICKERIHG/BRUCE/DARllHGION ERP 

There is a separate emergency response program for nuclear 
generating stations. Each site has a different reactor 
design necessitating separate programs for source 
calculations. However, once the source term is determined, 
the atmospheric dispersion model is similar for all sites. 
The model was developed for surface releases. However low 
level elevated releases csn be handled by the model under 
certain conditions ( e.g. when the plume from an elevated 
release mixes quickly in the mixed layer ). Meterological 
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data, current or forecast (up to 24 hrs) are input to the 
flvjdel. The computed ground level concentrations are then 
used by a dose calculation module which computes the uptake 
of various radioactive species by humans. Based on these 
dose levels different protective actions such as use of 
iodine pills, sheltering or evacuation are taken. 

In order to provide a meteorological forecast of local winds 
HOE developed a three dimensional wind field model which con 
resolve local winds such as a lake/land breeze. This model 
is intended to assist the forecaster in incorporating local 
effects into his wind forecast. 



REAL TINE USE <W ERP 

AOM has used the chemical ERP modelling package for a number 
of years in real emergencies. On the average the response 
time from the initial call has been around one hour. Host of 
the time is spent obtaining adequate information about the 
accident, from the site. Ihe accidents covered ranged from 
explosion in chemical storage areas, releases from stocks, 
liquid spills from chemical processing areas, tire fires and 
train derailments. Some examples of recent cases where 
dispersion model 1 ing was required during or shortly after an 
accidental release are : Hagersville Tire fire, Tetraethyl 
Lead release in Sarnia, a fire in chemical storage room in 
Etobicoke, a small tire fire near Niagra falls, an HCL spill 
in Stoney Creek and a train derailment near london 
involving a spill of Chloro-sulphonic acid. Although the 
algorithms used in these models are relatively simple 
{except the GAS model), the information provided to the 
field staff at the site of a chemical spill has proved to be 
valuabl e . 
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Introduction 

It has been established that widespread air 
pollution episodes, over southern Ontario due to ozone, can 
occur each year during the months of Hay to September. Ozone 
episode-days are defined as days on which widespread 
(hundred of kilometres) elevated ozone levels (greater than 
80 ppb maximum hourly concentration) occur at eight or more 
monitoring sites in southern Ontario and episodes are 
defined as distinct events associated with episode days, 
Ihese episodes arise mainly from an influx of ozone and its 
precursors (oxides of nitrogen, N0 lr and volatile organic 
compounds, VOC) from the industrial states south of the 
lower Great Lakes, and are generally associated with slow 
moving high pressure systems characterized by meteorological 
conditions which are conducive to photochemical production 
of ozone i.e. warm temperatures, relatively clear skies and 
low wind speeds. Yap et at. (1988) indicated that widespread 
episodes tend to occur under weather classes generally 
indicative of back or center of high pressure situations 
(Fig.1). 

During the twelve year period 1980 to 1991 there 
were eight ozone episodes, over southern Ontario, which had 
durations of four or more days (Fable 1). The longest 
episode lasted eight days and occurred during the period 
June 10- 17, 1983. The episode of July 4-10, 1968 was 
identified as the worst episode experienced. It should be 
noted that four of the eight episodes occurred during the 
summer of 1988, the hottest summer during the last decade. 

It has been shown by Pagnotti (1990) that in the Mew 
York metropolitan region, ozone episodes lasting three or 
more consecutive days are correlated with 850 mb 
temperatures of 18 C and greater, thus in this paper the 
synoptic weather patterns associated with episodes are 
reviewed and meteorological data, particularly air 
temperature and relative hunidi ty at various levels of the 
atmosphere, are examined to determine their relationships to 
elevated surface oione levels. 
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Data and Analysis 

Upper air data from the nearest redtoaonde stations 
(flint, Michigan and Buffalo, Meu York) In the vicinity of 
southern Ontario Mere retrieved, for all the episodes, from 
the archives of the Ministry of Ontario's Meteorological 
Data Acquisition System (MDAS). The vertical structures of 
the high pressure systems during the episodes were examined. 
These warm core high pressure systems intensify with height 
and as a result cyclones (unstable weather systems) ere 
prevented from travelling directly eastward. Surface 
meteorological data were also analysed along with air parcel 
back trajectories and residence times which were computed 
using a modified version of the trajectory model developed 
by rap and Kurti (1986). The model was modified to 
incorporate meteorological conditions such as speed of the 
air mass, average surface tenperature and cloud cover along 
the path of the air parcel, using surface observations 
closest to the path of the trajectory. Ozone data were 
obtained from the Ministry's Air Quality Information System 
(AauiS) data base. Examples from various episodes are used 
to examine how meteorology plays a very inportant role in 
the development of the ozone episodes. 



Results And Discussion 

An examination of the eight episodes which occurred 
over southern Ontario during the past twelve years, 
indicates that they were ell associated with stagnant or 
slo* moving high pressure systems centered south of the 
lower Great Lakes, with a blocking flow pattern aloft. An 
illustration of the relationship between the surface and 500 
mb flow patterns is given in Fig. 2. A strong vertical 
coupling between these levels occurs. Under this type of 
synoptic situation, a deep, stagnant, warm high pressure 
system develops and results in a deep layer of subsidence 
and light winds. Due to large scale subsidence, convective 
activity is reduced, the stability of the boundary layer and 
the dew point depression increase fig. 3. The resultant 
clear skies and dry conditions are thus conducive to 
increased photochemical activity of the lower atmosphere. 
Table 2 shows the dry bulb end dew point temperatures at the 
B50 end 700 mb levels at Flint, Michigan, at 2000 EDT during 
the period July 3 to 10, 1988. #ote that at the 850 mb 
level, the dry bulb temperatures ranged from 13 C to 21.8 C 
and the dew point teflperatures ranged from 0.8 to 9,6 C. 
Surface temperatures at airport sites in southern Ontario 
reached 35 to 37 C during this period while the highest dew 
point temperature reached 17 C. Ihe upper air sounding at 
Buffalo, Mew Tork, at 2000 EDT on May 29, 1988 is shown in 
fig. 3. This profile is an example of the large dew point 
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depression that occurred during the episodes. The August 1- 
5, 1988 episode was the only episode that recorded dew 
points of 20 C and greater. However the dew point depression 
was also large. This analysis thus indicates that the 
episodes occurred with relatively dry air masses. 

During each episode, it was also found that the 
height of the day tin* boundary layer was capped by an 
elevated temperature inversion between 1.5 to 2.5 km 
(fig. 4). The well defined boundai y layer contained ozone and 
its precursors, thus allowing their build up. At night, 
cooling of the ground resulted in the establishment of a 
shallow ground-based temperature inversion (100 to 400 m 
deep). Fig. 4. The polluted air above the inversion was thus 
cut off from low level scavenging by MOx and was protected 
from dry deposition; this air is then incorporated in the 
next day's convective boundary layer. The upper level 
inversion protected the bulk of the polluted air from 
vertical dispersion into the free atmosphere, thus 
prolonging lifetimes of oione and precursors. 

72-hr air parcel back trajectories indicate that air 
parcels arriving in southern Ontario had previously 
traversed the major emission source regions of the U.S.. Yap 
et al r (1988) showed that episodic conditions in southern 
Ontario for 1983 to 1985 occurred with air flows from the 
U.S. (more than 95X of the cases during the period). In Fig. 
5 trajectories arriving in Toronto at 2000 EOT on August 4, 
1988 and at 0800 EOT June 15, 1983 are shown. The average 
meteorological conditions along the paths are also shown. It 
is to be rioted that there was little wind shear between the 
850 mb and 1000 mb levels. This lack of shear allowed the 
air parcels to transport oione and precursors with little 
dispersion into southern Ontario. Tap et al. (1988) also 
showed that, during the period 1981 to 1984, on 90X of the 
occasions that there were episodes in Ontario, there were 
also elevated ozone levels in Michigan. During the July 4- 
10, 1988 episode, elevated levels of oione were also found 
in Michigan and Ohio. 

The relatively cloud free conditions encountered 
along the path of the trajectories were also responsible for 
the production and transport of the pollutants. It is 
postulated by Leliveld and Crutzen (1990), that cloud 
condensation process is an Inportant sink for MOx. Ouring 
the night NOj, is converted to N 2 Oj by reacting with N0 2 . If 
condensation occurs, the NjOjalmost immediately forms UNO,. 
Gaseous nitrate radicals NOj produced by the reaction of NOp 
with Oj is also scavenged by cloud droplets. Ouring 
cloudless situations, NOj'and NjOj could be transformed back 
into N0 X during the next day. Since NO. plays an important 
role in the formaticn of oione, the cloud free conditions 
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enperienced during the episodes analysed is of great 
significance to the concentrations measured at the surface. 



Conclusion* 

An analyst* of ozone episodes of 4 or more 
consecutive days duration during the period 1980 to 1991, 
showed that warm core high pressure systems played an 
important role in the transport of ozone and its precursors 
into southern Ontario. Dynamic subsidence, light winds and 
generally cloud free skies led to high temperatures at ail 
levels of the atmosphere, under the influence of the high 
pressure systems. Although there was a strong correlation 
between the 850 mb temperature and high ozone levels, the 
simultaneous occurrence of light winds, generally cloud free 
conditions, and the development of the elevated and 
nocturnal surface-based inversions combined to produce the 
high concentrations of otone. 
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Iebl« V. Persistent Oione episodes over southern 
Ontario - Durations of four or more days 
(1980-1991). 

Duration Period 

Days 

4 
S 
5 
« 
7 
S 
4 
5 



Table 2. 850 mb and 700 mb temperatures and dew 
point temperatures as recorded by 
radiosondes re I eased da i I y at 1900 EST from 
flint HI. during July 3 -11, 1988. 



June 23-26, 


1980 


June 10-17, 


1983 


May 27-31, 


1988 


June 12-15, 


1988 


July 4-10, 


1988 


Auij. 1- 5, 


1988 


June 23-26, 


1989 


July 16-20, 


1991 



Date 


850 


mb 


700 mb 


July 


T 


Id 


T 


Td 


2 


13.0 


■10.0 


4.4 


-25.6 


3 


u.a 


0.8 


5.4 


-25.6 


4 


18.2 


4.8 


7.2 


-12.8 


5 


20.8 


4.8 


7.0 


2.0 


6 


21.8 


6.8 


6.4 


-21.6 


7 


21.6 


9.6 


0.8 


3.6 


8 


20.8 


8.8 


8.4 


-1.6 


9 


20. a 


6.6 


6.2 


4.8 


10 


12.2 


6.2 


5.8 


4.0 



Note that the temperature at both levels increased during 
the episode and decreased at the end of the episode. 
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AN IN-StTU OXIDATION TECHNIQUE TO REMOVE RESIDUAL CHLORINATED 
SOLVENTS FROM SOILS. MJ. Sehnan* and GJ. Farquhar. University of Waterloo, 

Waterloo, Ontario. N2L 3GI 

Aquifers contaminated with chlorinated solvents pose difficult remediation problems because of 
the discontinuous residuals formed within soil pores. Removal of the residual by traditional 
pumping techniques has proven unsuccessful wd dissolution of the residual ij inhibited by low 
solubilities, ln-jiru oxidation may provide an effective remediation technique by converting (he 
residual chlorinated solvents ta-situ into less troublesome by-products. 

For the analysis of in-situ oxidation, two chlorinated solvents. Perchioroethylene (PCE) and 
Trichloroethylenc (TCE) were selected as common environmental contaminants. These 
compounds have high surface tension, exhibit low solubility in water and are characteriied by 
a double bond between the rwo carbons atoms. Oxidation of these chemicals by potassium 
permanganate involves the cleaving of the double bond and conversion of the carbon compounds 
Into CO* MnO, as a precipitate. KC] and HC1. 

Laboratory scale soil columns were saturated with either PCE or TCE and allowed to drain to 
residual saturation. Solutions of various concentrations of potassium permanganate were flushed 
through at rates near typical field conditions. Rates of reaction, effects of the different potassium 
permanganate concentrations and the conversion process of the PCE and TCE were observed. 
Analytical work included the analysis of aqueous PCE and TCE, total organic carbon, total 
organic balide, and CI and the development of mass balances. 

Field scale experiments are in progress at CFB Borden within a 1 meter by 3 meter by 2 meter 
deep seated sheet piled cell. The Borden sand within the cell has been largely undisturbed to 
preserve natural hctcreogeneiries within the soil. An emplaced residual of PCE was established 
as a source of contamination and a forced gradient has been applied. Solutions of potassium 
permanganate are being flushed through the PCE contaminated zone with monitoring similiar to 
the laboratory studies. Destruction of the PCE has been observed similiar to the laboratory soil 
column experiments. 
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GROUNDWATER CONTAMINATION BV ROAD DICING CHEMICAI.S 
- IMPLICATIONS OF A SALT BALANCE PERFORMED 
ON HIGHLAND CREEK, METROPOLITAN TORONTO 

K.W.F. Howard , J. Ilaynrs, S.I.. SalvaloH, J. Montgomery mid C. Romano 

Groundwater Research Group, University of Toronto, 
Scarborough Campus, Scarborough, Ontario MIC 1A4, Canada 

INTRODUCTION 

During Die past forty years, residents living in Ihe snowbelt legions of Canada and trie United 
Stales have come to eipect bare-pavement driving conditions throughout Ihe winter. As a result, nut 
lions of tons of de-icing agents, usually in the form of sodium chloride (NaCI), are applied to urban 
roads and highways. The general assumption has been that the majority of the applied salt is flushed 
from (he basin every season by rain and snow melt, and environmental impacts are minimal. There 
is increasing evidence, however, that a significant proportion of the salt may be retained in (lie 
basin, entering the shallow sub surface and migrating gradually In the water table (eg. Hi sen and 
Anderson. 1980; I'ilon and Howard, 1987). In such cases, serious degradation of groundwater 
quality could be anticipated. 

Concern for contamination by de icing sails is particularly acute in the Toronlo region where 
well in e«cess of 100,000 I (Mg) of NaCI are applied lo urban roads and highways every year 
Wiihin Metropolitan Toronto, major streams regularly contain several hundred mg/l chloride, in 
winter months values greater than 1000 mg/l ate common. The only consolation has been that values 
of this order have shown little change in recent years and thai while values have been unacceptahly 
high, there has been no evidence that Ihe situation will become any worse. Implicit in this attitude is 
Hie assumption that problem is undei control and that if necessary, a drastic reduction in rales of salt 
application would dramatically improve the situation. 

The wisdom of this view was first brought into question by Paine (1979) who performed a rcla 
lively coarse chloride mass balance on the Don River watershed and suggested that as little as S<)% 
of the applied chloride was being removed from the basin annually and that the remainder was being 
stored in the Ihe shallow sub surface. Follow up studies by Pilon and Howard (1987) confirmed that 
concentrations of chloride as high as 14,000 mg/l were accumulating in shallow groundwaters 
beneath Metropolitan Toronto, thus raising feari lhal Ihe walers would ultimately enter local 
si reams where serious and uncontrollable contamination would occur. 

Recent and current studies at the University of Toronlo have been concerned with ihe impact of 
utltan development on groundwater quality and have focused specially on the movement and be 
haviour of shallow groundwaters containing elevated concentrations of chloride. An overall goal of 
the study is lo develop a series of numerical models that will permit Ihe movement of dc icing salts 
in a catchment to be simulated and thereby allow Ihe impact of alternative salting strategies lo be 
evaluated. The success of this model depends in turn, on an understanding of Ihe nature of salt lie 
haviour in a typical urban catchment, and in particular, on an accurate knowledge of the rate at 
which salt is retained on an annual basis. 

lite retention rate of de-icing salts in a watershed is best determined using a catchment mass 
balance approach. In this approach, salt input, represented by the mass of sail applied to the catch 
menl during a specified lime frame, is budgeted against sail output in the form of salt loads in Ihe 
exiling stream. The net difference represents the mass of salt that is stored (retained) within Ihe catch- 
ment. 

The accuracy of Ihe balance is determined by the quality, freauency and lime frame of the data 
used. In (lie present study, conducted over three years, this problem has been overcome by the in 
stall a I ion of a data logger to collect stream electrical conductivity data at 13 minule intervals. This 
instrument was calibrated by laboratory and field eiperimcnls to provide reliable estimates of 
chloride concern ration. The calibration relationship look Ihe form: 

CI concenlralton (mg/l) = 0.0UOO025U:,. 2 -I 0.31*E ( 96 (Eqn 1) 

where E c is the electrical conductivity in uS/cm at 25°C. 



STUDY AREA 

The chloride mass balance was performed on Highland Creek basin, ope of twelve major sub 
catchments in the Metropolitan Toronto and Region watershed. The 104 km basin is almost entirely 
urbanized, with recreational open space along the main Creek valley and some remaining un- 
developed land in the extreme northeast. The surface sediments are predominantly silty sand till but 
recent flood plain deposits occur extensively along the valley floor. The basin is crossed east-west by 
Highway 401 (12 lanes wide), and by a grid of 2- and 4 lane arterial roads about 1.5-2 km apart. 
These roads and numerous secondary roads are regularly salted throughout the winter season by five 
agencies: the Ontario Ministry of Transportation, Metropolitan Toronto, City of Scarborough, 
Town of Markham and the Regional Municipality of York. The basin receives approximately 17,000 
Mg of NaCI road de-icing chemicals each year. This represents approximately 200 g of NaCI for 
every square metre of the catchment. 

Flow in Highland Creek normally varies between 0.3 and 50 nv'/s. Baseflow analyses reveal 
that groundwater inflows to the Creek vary between 0.3 and 1.2 m-Vs, peaking during the spring 
and averaging 0.42 m /s over the year. This rate represents an average annual recharge to the catch- 
ment of 162 mm. If all the applied salt was to enter the sub-surface via recharge, average steady- 
state sodium and chloride concentrations in groundwater would approach 500 and 800 mg/l respec- 
tively. 

CHLORIDE BALANCE CALCULATION 

The chloride balance was carried out over the period December 1989 to April 1991 inclusive 
and included three major winter seasons' salting. It was performed by estimating the total chloride 
input to the catchment over a pre-detcrmined period and subtracting the amount of this chloride leav- 
ing the watershed during the same period by stream flow. The difference represents the mass of 
chloride retained, at least temporarily in surface waters, soils, and subsurface waters. The amount 
of chloride leaving the basin through stream sediment load is assumed to be negligible. 

Chloride Input Data 

Road salt is the major source of chloride entering the basin. It is applied as pure salt (NaCI) or 
as a salt/sand mixture. Daily salt application was determined from the yard records of the five 
agencies applying salt. Where salt/sanding routes straddled the catchment boundary the total salt 
applied was apportioned to the catchments on the assumption that rales of appltcalion remained con- 
sistent along the routes. Total salt application in the study area during the winters of 1988/89, 
1989/90 and 1990/91 are shown in Table I. It is believed that these figures are accurate to + 5%. 

TABLE I 

Annual rates of NaCI application to the Highland Creek calchment 
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Also included in Table 1 are estimates of other sources of chloride input. These include (he 
amount of salt applied to parking lots for which it was assumed that rates of application for shopping 
centre lots were the same as that for major roads, and for other lots one-half this rate. Salt applied 
to parking lots represented about 14% of the lotal salt applied. Application by private home-owners 
was estimated by multiplying the approximate number of single-family residences by an average an- 
nual rate of 4 kg.'household. This represented less than 1 % of the total salt application. 

Other sources of chloride are relatively insignificant. Chloride concentration in precipilauon 
around Metropolitan Toronto during 1986 averaged 0.2 mg/1, which converts to approximately 0. 1 % 
of the lotal chloride inputs. Also a calcium chloride de-icing additive is used occasionally in the 
area but contributes less than 0. 1 % of the total chloride input. There are no known sanitary-storm 
sewer interconnections in the basin (Scarborough Works; pers. comm.). Depending on the chemical 
formulation, fertilizers may contain a significant amount of chloride. However, its potential con- 
tribution is not thought to be significant and has not been quantified at this time. 

Chloride Output Data 

Chloride discharge or "loading" in a stream can be calculated by: 

CI = Cm x Q (Eqn. 2) 

where Cm is mass concentration and Q is stream discharge. This calculation was performed at 15 
minute intervals using a I.otus !2.5 spreadsheet. A summary of the results is presented in Table 2. 

TABLE 2 

Chloride balance summary for the period November 1st 1988 to October 3 1 st 1991 
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RESULTS AND CONCLUDING DISCUSSION 

Urbanized catchments of the Metropolitan Toronto and Region watershed have, for several 
decades, received over a hundred thousand tons of de-icing salts annually. For much of this time it 
has been assumed that most of this salt is flushed from the catchments each season by overland flow 
and that sub-surface impacts are minimal. However, recent evidence of elevated chloride in 
groundwater beneath the catchments has suggested that a significant proportion of the applied salt 
may be retained in the basin each season and therefore be responsible for the observed groundwater 
quality degradation. 

The salt balance performed on the Highland Creek basin of Metropolitan Toronto has generated 
a large volume of good quality data. Following initial installation problems, the instrumentation 
proved relatively reliable. Most of the data gaps were due to the failure of Environment Canada 
flow logging instruments; these data were usually infilled by correlation with data from neighbour- 
ing catchments. In total, a full chloride balance was completed for for 26 months extending over 
three salting seasons. 

The results (Table 2) are consistent over the period of study. Each year, during the winter 
period (1 st November to the 30th April) approximately 10,000 Mg of chloride is applied to the High- 
land Creek catchment. Only 45% of this is removed by surface run-off before the following winter 
when a a new salting season begins. Most of the chloride removed is flushed from the catchment 
during the winter in which it is applied. In the 1989-90 salting season, for example, 3427 Mg of 
chloride left the catchment by overland flow before the end of April representing 31% of the total 
chloride applied. A further 1609 Mg (or 14% of the total) was removed by summer rain between 
April 1st and October 30th. Data are incomplete for the salting seasons 1988-89 and 1990-91, but 
the results available are comparable to those for 1989-90. For example, in 1990-91 , 26% of the total 
chloride applied left the basin during the winter months; in 1988-89. 19% of the total chloride ap- 
plied was removed during the summer. 

If only 45% of the salt applied to the catchment is being removed annually, then the remainder 
is being stored, presumably in underlying groundwaters. The rate of accumulation will depend on 
the rate of groundwater movement in the basin. While the total mass of chloride entering the sub- 
surface is greater than the mass of chloride leaving as baseflow to the stream, chloride will accumu- 
late in the groundwater and groundwater chloride concentrations will increase. Eventually chloride 
in the groundwater will reach a level at which annual baseflow losses will match the amount of 
chloride entering the sub-surface. At this stage steady-state will be reached and no further deteriora- 
tion of groundwater or stream water quality will occur. Numerical modelling will allow the rates of 
change of groundwater and stream water quality to be predicted with more certainty. However, as- 
suming an annual recharge of 162 mm, an aquifer thickness of 50m and a specific yield of 20%. 
steady state concentration could be achieved within 60 years of initial salt deployment, or ap- 
proximately 20 years from the present. 

When steady state is reached, inflow and outflow of chloride will be in balance and the mass of 
chloride stored within the basin wilt remain unchanged. The stored chloride may not be evenly dis- 
tributed within the sub-surface and water quality stratification will occur depending on the local 
groundwater flow regime. However, if conditions in the catchment remain the same and present 
rates of salt application are maintained, calculations suggest that average chloride concentrations in 
groundwaters underlying the basin will reach 426 mg/1. A similar chloride concentration can be ex- 
pected in stream baseflow, representing a 3-fold increase over present average baseflow concentra- 
tions. The value of 426 mg/1 is nearly twice the drinking water quality objective of 250 mg/1 
(aesthetic objective). 
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Introduction 

Aluminum, the most widely occurring metal on earth exists essentially 
as insoluble polymers of silicates. However it is readily mobilized in 
bioavailable forms by acid deposition and thus poses a serious 
environmental and medical threat owing to its deleterious effects on all life 
formsU). Aluminum toxicity appears to affect organisms as diverse as 
plants, birds, fish and humans. Recent clinical findings has linked 
aluminum uptake to the aging process and the Alzheimer's disease. The 
latter abnormality has been associated with the deposition of alumino 
silicates at the core of the senile plaques thai characterized demented brains 
(2). 

As part of our study to examine the influence of metals on microhms 
and to assess their possible use in waste management, we have investigated 
the Interaction of aluminum on Pseiidomnnas fluorescent ATCC 13525. In 
this report the detoxification of aluminum via insoiubilization is 
demonstrated. 
Material and Methods 

The bacterial strain Pseudomnnas flufm.«^ ns ATfr n.525 ws« from 
American Type Culture Collection (Rockviile, Maryland U.S.A.). It was 



maintained and grown in a defined medium containing citrate as the sole 
source of carbon (3). Aluminum as its chloride salt was completed to 
citrate prior to sterilization. At various tim« intervals, bacterial 
multiplication was measured by the Lowry method (4). 
Analytical techniques: 

The citrate assay kit that is based on citrate lyase, lactate dehydrogenase 
and malate dehydrogenase was utilised in the estimation of citrate 
decomposition 5).X-ray fluorescence analyses were performed as described 
in (6). The peak shifts are given in two theta degrees (29°) and the 
intensities in kilocounts per second (keps). PX1 was used as the analysing 
crystal. Under these conditions peak indicative of phosphorus and 
aluminum appeared at 14.15 (28°) and 19.21 (20°) respectively. 
Aluminum was quantitated colorimetricafly with the aid of aluminon(6). 
Results and Discussion 

When Pseudomonas fluorescent was grov.n in a control medium, a 
cellular yield of 485 ng of protein per ml of culture was observed at 
stationary phase of growth The diminution of bacterial multiplication in 
aluminum enriched medium was dependent on the concentration of the 
added metal. The decrease in cell yield varied from 16% to 77% in media 
supplemented with 7.5 mM to 50 mM aluminum (Fig. 1). 
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The biotransformation of aluminum appeared to occur after stationary 
phase of growth and most of the soluble metal was present as an insoluble 
residue. Fig. 2. 
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Examination of the precipitate revealed the presence of phosphorus and 
aluminum only. Peaks attributable to these moieties were evident in the X- 
ray fluorescence spectrum. (Fig.3). 
No citrate was detected after cessation of cellular multiplication. 

The data in-thts report indicate the detoxification of aluminum in 
Pseudomon as fluorescens is achieved via its transformation into an 
Insoluble phosphorus containing pellet. This appears to be the first 
demonstration of microbial aluminum bioprecipitarion and may indeed 
provide an interesting model for metal pollution control. 
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aspects of the model are presumably influenced by lie presence of obstacles. 

The observations for homogenous roughness can be summarHcd as: there is support for lie view thai an industrial 
site may be modelled as in equivalent uniform roughness', for homogeneous arrays there is little to suggest that die 
adveajon velocity should nor be treated in the same manner as for smooth and small roughness surfaces; there is 
little evidence of any significant effect of the obstacles on the buoyancy induced spreading; the vertical cmrjiiirnc.nl 
correlation used in, for example GASTAR, appears to be valid for obstacle arrays; there is little to guide model 
development on the retention time of dense gas plumes in the wakes of individual roughness elements; and. there 
is no definitive data has been found, indicating typical vertical concentration profiles within the array. 

Note that objective methods for characterizing the surface roughness z, hive been developed as part of this study. 

4 ISOLATED OBSTACLES 

In its full generality, the interaction of a dense gas cloud with obstacles presents a formidable modelling problem. 
However, individually nuny aspects or this problem are amenable to analysis and this approach is adopted here. 
Abo, Sum a practical viewpoint, it is possible that many situations of interest can be covered by such individual 
analyses. This is particulary so for those interested only in a limited number of broadly similar industrial sites. 

Our approach is to consider a small number of relcvanl and commonly occurring situations and to develop models 
foe those cases. Within the framework of the integral model formulation we develop algorithms that will reDrct Ihe 
influence of obstacles on idvcction, enirainmcm and for instantaneous releases the 'hold-up' near the obstacle. 

The analysis of the influence, of structure on dispersion has two purposes: to enable estunates to be made of the 
concentrations on the structure surface; and, to consider the influence of the structure on Ihe cloud locally and on 
its lubsequem movement and dispersion in order to estimate concentrations at positions downwind. 

Speculative analysis in Brilter (1982) ind generic studies in Konig (1987) and Brirtcr (1989) provide the basis for 
algorithm development In addition, there are now many studies, both field and laboratory, which can be used for 

model assessment. Most of the available experiments have been reviewed by Brighton 11989), 

The model algorithms arc not intended to diatribe the complex flow processes near the obstacle but to quantify the 
net change in ihe cloud features as the cloud interacts wiih the obstacle, thereby providing a step adjustment to cloud 
variables at the obstacle position. This might be used lo assess, for example, cloud concentrations on (he front and 
back faces of an obstacle, bui care would be required with such an interpretation. The models should retain flexibility 
so that updated information arising from more sophisticated models or later experiments may be easily added. 

Procedures have been developed to handle several cases: two-dimensional fence (solid or porous) at an arbitrary 
angle lo the ambient flow; a confining fence; single fences nearly parallel to the (low; two fences or buildings rows 
nearly parallel lo the How; single or multiple, isolated, arbitrarily shaped and oriented three-dimensional obstacles 
upstream or downstream of the source position 

4.1 Trajectory 

The presence of obstacles alters Ihe flow field on the site and leads lo changes in the trajectory of a gas cloud The 
variations in the How field for a site can be estimated from a generic understanding of the (low around some types 
or obstacles or from specific site studies. In many cases a precise description of Ihe flow field may not be necessary. 
Some general statements about the flow field mty be all that is necessary to provide significantly improved (and 
possibly acceptable) modelling accuracy. 

The following statements regarding Ihe Dow field provide a basis for further discussion: 

i) The flow does not go through solid obstacles: the (low goes over wide, shallow structures; and, 

the flow goes around tall, narrow structures. 



ii) The mean flow mean flow might he described by. increased mean flow regions; and, regions of 

ll'vu. recirculation with small internal mean velocity (assumed zero), 

Hi) The turbulence would he altered only slightly txeepi for: increased turbulence in recirculating 

regions; and, increased turbulence in the wake, decreasing downstream. 

iv) The structures may generate persistent longitudinal vottieiiy. 

Tbr negative buoyancy ol ihc plume may also phxJuoe alreraiions in the trajectory, specifically 

v) The plume may br in regions of changed ambient velocity, leading to: an increased plume width 

when the ambient velocity is small; within a sheltered region leading to enhanced flow upstream. 
P«>\Mhh onto the rear Ucr ol the building; and, with some longitudinal vorticily above a shallow 
plume leading to plume bifurcation. 

Reasonable oiJHttWs of .ill these effects are currently |HKsrblr. 

4.2 Dilution 

When Hue cloud enter* regions with increased mean and turbvleni velocities dilution will be increased The most 
Obvious example of this is the recirculating region behind Muff bodies arid ihe highly turbulent wake furlber 
downstream. 

Under many conditions the increased iurbulc.nl velocities in the recirculating region an- adequate to provide 
effective!) complete mixing: throughout ihi> region, with the released material behaving as if il weft passive. 

In oiher eases a two-layer stratified flow structure is apparent with material in the lower layer undergoing Itflle 
dilution while (he upper layer behaves passively The possibility i»f this two-layer structure arising depends essentially 
mi whether Ihe maximum uptake rate from Ihc lower layer is smaller than the source rite. 

4..1 I I.M.I in, 

When (he rel£Med material rulers regions wilh small or zero advec lion velocities ii i* field there for witne tiftw before 
King released again to move, downwind This aspcel of the influence of structures is obvioujjy only relevant to 
instantaneous and tme varying releases. 

The most obvious example of this is the near-wake residence time tor materia] held up within the rccircnlaimg region 
immcdulclv downwind o[ .i structure. A similar desertpiKVn and appropriate pa iajuUu b attel of Brighton (198$) is 
valid for any recirculating region. This will, in effect, lead to an enhanced longitudinal dtspenrkm of the cloud.. In 
addition wt< might anticipate if lime delav o( the ecniroid of Ihr doud. 

A distinctly dillerem type o| bokl-up occurs when the material is blocked by an enclosing fence. This occur* when 
the cloud is very stable and the tenor high; the amount of materia) carried downwind h that which can be detrained 
(Tom the con 1 tiling region and when ibis is less ifran the source flow, material will accumulate within the constraining 
fence, This prookin lacks » robust description of the delrammeut ihiiugh several approaches arc possible. 

9 CONCLUSIONS 

Hie review of rele\ ant theory and experiments suggests thai procedures can be developed to incorporate Ihe effect 
of buildings and obstacles on dense gas dispersion wjlhilt the box model framework. 
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COMPARISON OF LIQUID MANURE SPREADING PRACTICES 
ON TILE DRAIN WATER QUALITY 
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1. INTRODUCTION 

Previous research conducted by the ABCA in 1989 and 1990 (Dean and Foran, April 
1991) revealed that land application of liquid manure under norma! fanning practices 
degrades tile water quality, In eight out of 12 manure spreading events monitored manure 
components, including bacteria and nutrients, travelled rapidly through the soil column and 
readied tile drains. This is of concern because the bacterial components of the manure reach 
surface water, travel downstream and may elevate bacterial counts at public beaches, 

Studies by Quisenberry and Phillips (1978) and Aubcrrin (1971) concluded that in 
some soils with strong structure and rapid water addition nearly all water flows through the 
soil maeropores and essentially no displacement of soil water occurs. Quisenberry and 
Phillips (1978) also found that maeropores need not extend to the soil surface for flow to 
occur. In this situation the flow was to a lesser extent, The lower the infiltration rate the 
longer the retention time in the upper soil zone and therefore, the more efficient the filtering 
of the bacteria or nutrients. Beven and Germann (1982) suggested thai the presence of 
maeropores at the soil surface always increases the infiltration rates because additional 
surfaces are made available for infiltration into the matrix at depth. 

Smith et al. (1985) stated that macropore flow significantly reduces the soils ability to 
icuin bacteria and viruses and increases the potential of groundwater contamination. Almost 
half of all water borne diseases are caused by contaminated groundwater (Gerba and Bitton, 
1984). Although pathogenic bacteria and viruses present in liquid manure may not multiply 
underground they still may travel considerable distances and survive long enough to be of 
concern (Bouwer, 1984). 

The main purpose of (his study is to find possible ways of reducing the impact of 
liquid manure application on tile dram water and groundwater quality. Spreading on recently 
cultivated land versus on undisturbed land is compared and spreading using an irrigation gun 
versus an injector tanker is compared. Disturbing the soil surface prior to manure application 
may shear off the macropore openings to the surface, slowing down the movement of manure 
and allowing for filtering of the bacteria and nutrients to occur The injection method of 
manure application may smear and close off insitu maeropores as the manure is injected. 
This may result in less contamination of tile drains compared to the irrigation method of 
application. 
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2. METHODS 

Description of Study Area 

The manure application trials are being conducted on I fou: beaut Betd or' 
imperfectly drained Perth clay loam soil in Stephen Township. Huron County. This 
systematically tiled field, with !5 metre die spacings, has been in a com/bean/wheat rotation 
under conventional tillage for the past ten years. Three observation chambers which facilitate 
taking water samples and discharge measurements from the tile drains were installed in early 
May 1991. One observation chamber is used on the Control site die drain while the two 
others are used for sites Trial 1 and Trial 2. Four sampling wells which vary in depth from 
2.2 to 4.1 metres were installed in late May 1991 to monitor groundwater quality in the study 
area. Figure 1 is a detailed sketch of the study area. 



FIGURE L A DETAILED SKETCH Of 
THE STUDY AREA 
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Water and Manure Sampling and Analysis 

Samples of the liquid manure are taken from the manure storage prior to manure 
application. Samples are also taken from collection pans placed in the area of manure 
application. A minimum of three bacteria! and two chemical samples are taken from the 
manure storages and collection pans so average concentrations can be calculated. 
Concentrations of bacteria and nutrients in the collection pans confirmed whether or not 
changes in concentrations of bacteria occurred as a result of pressurizaiion. 

Grab samples of water from the lile drains are taken on a weekly basis. More 
intensive sampling is done on the days of manure application. Daily water samples are taken 
for approximently one week immediately following spreading, Tile drain discharge 
measurements are taken at time of sampling. 

Grab samples of water from the wells are taken on a weekly basis. Samples are taken 
daily for approximately one week immediately following manure application. At the time of 
sampling the water depth in die wells is measured using a water sensor. 

Bacterial parameters analyzed in the water and manure include; fecal coliform, fecal 
streptococcus and Escherichia coli. The biotraccr. nalidixic acid resistant Escherichia coti 
(EC{NA)) is added to the irrigation pipe prior 10 pressurizaiion and to the injector tanker in 
order that their movement could be traced through the soil column and into the receiving 
water. The EC(NA) is non-enteropathogenic, is easily recovered from water and soil and is 
not commanly present in the natural environment. The tracer bacteria is injected in 
concentrations that are approximately equal to the concentrations of the indigenous bacteria 
found in the liquid waste. Water and manure samples are stored on ice immediately and 
analysis is performed within 2<S hours. 

The chemical parameters analyzed for in the tile drain water and manure include: 
biochemical oxygen demand, suspended solids, free ammonia, total kjeldahl nirrigen {TKN), 
nitrate, nitrite, total phosphorus (TP), dissolved phosphorus, pH, chloride conductivity and 
potassium (K). The microbiological and chemical analysis on the water and manure is done 
at the Onlurto Ministry of Environment, Southwestern Region (OME-SWR). Laboratory 
methods used by the microbiology and chemistry departments are those outlined by the 
Handbook of Analytical Meiods of Environmental Samples (OME 1984b). In addition the 
microbiology department uses the Standard Methods for the Examination of Water and 
Wastewater (APHA 19X5). 

-Soil Sampling and Analysis 

Soil samples for bacterial analysis are taken a few days prior to and within three hours 
following manure application. Samples are taken using a sterilzed coring device. Soil 
samples are taken at 1-10 cm, 30-35 cm, and 70-75 cm depths in the soil column. Soil 
samples are collected in sterile glass jars, stored on ice, and analyzed within 24 hours. 
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The same bacterial parameters described above for the manure and water are examined 
in the soil. Again, samples are analyzed at the OME-SWR, The multiple tube fermentation 
technique is used to determine the bacterial concentrations in the soil (APHA 1985). Results 
of the examination of replicate tubes and dilutions are reported in terms of the Most Probable 
Number (MPN). 

3. RESULTS AND DISCUSSION 

May Spreading Event 

Table 1 describes the study area on May 22, 1991. Trial 1, which had been cultivated 
recently, had a loose friable surface to about a 6 cm depth with no surface cracks. The soil 
on the Trial 2 and the Control sites had many surface cracks varying in width from 0.5 to 3 
mm and many pores <0,5 mm with a few pores with a 1 mm diameter. 

TABLE L Description of Study Area for lilt May Spreading Event 



SITE 


TILE DISCHARGE 

RATE(IVS) 


APPLICATION 
METHOD 


APPLICATION 
RATE iL'liaJ 


% SURFACE 
RESIDUE 


SURFACE 

TREATMENT 


In-. 1 


B.0032 


irrigation 


101,000 


7 


cultivated 


Trial 2 


0.0032 


irrigajion 


IOi.000 


ID 


fall plowed 


| Control 


0.0023 






10 


fall plowed 



Figure 2 shows the EC{NA) loadings in the first 24 hours after manure application to 
the rile drains at sites Trial 1 and Trial 2. Loading graphs for TKN, TP and K for Trials 1 
and 2 have a similar pattern to what can be seen on Figure 2. 



Figure 2. Loads of E.coll (NA) 
First 24 Hours After Manure Application 
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Table 2 shows the average loads of EC(NA), TKN, TP, and K discharging from the 
tile drains for Trial 1 and Trial 2 in the first 24 hours after manure application as well as the 
percent of the load applied that reached the tile drains. Trial 2 had a larger loading for all 
components. 

The soil samples taken for bacterial analysis showed no EC(NA) present in the soil 
prior to manure application. After the application, on the cultivated site no tracer bacteria 
was found below the surface soil layer while on she fail plowed site the tracer bacteria can be 
found to the lowest depth measured. 

June Spreading Event 

Table 3 describes the study area on June 24. 1991. The entire com field had been 
scuffled recently for weed control. Scuffling disturbed the soil to about a 5 cm depth. The 
soil surface in the corn row was undisturbed (12 cm width) and had a few surface cracks 
varying in width from ! to 2 cm plus numerous pores < 0.5 mm in diameter. The soil 
surface between the rows (62 cm width) had no visible surface cracks or pores. 



TABLE 3. Description of Study Area for Itie June Spreading Evenl 



SITE 


TILE DISCHARGE 
RATE (L/S) 


APPLICATION 

Mr I'll! Hi 


APPLICATION 

RATE iLha) 


% SURFACE 

RESIDUE 


SURFACE 
TREATMENT 


Trial I 


0.0026 


injection 


81,700 


20 


scuffled 


Trial 2 


0.0015 


irrigation 


i ii.ooo 


24 


scuffled 


Control 


0.0013 


- 


•■ 


2t 


scuffled 
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Table 2. Loads of Bacteria and Nutrients to Tfle Drains for 24 Flours After Manure Application For May and June 
Spreading Events 





LOADS FROM ISOLATED TILES 

bacti/day g/day 


LOADS 

bacti/ba/day 


g/ha/day 


PERCENT OF LOAD APPLIED 
THAT REACHED TILE DRAIN 


May 22/91 


EC(NA) 


TKN 


TP 


K 


EC(NA) 


TKN 


TP 


K 


ECCNA) 


TKN 


TP 


K 


Trial 1 
cultivated 


8.6 x 10' 


1.8 


0.17 


0.7 


2.4 !i 10" 


4.9 


0.5 


1.9 


0.043 


0.007 


0.0066 


0.0026 


Trial 2 
fall plow 


2.4 n 10? 


24 


4.3 


14.4 


6.7 x 10' 


67 


12 


39.5 


1.13 


0.099 


0.17 


0.054 


lune 24/91 


























Trial 1 
injection 


3.4 x 10' 


53 


6.0 


47.5 


9.1 x 10* 


119 


12 


30.4 


5.8 


0.241 


0.28 


0.21 


Trial 2 
irrigation 


3.6 x 10 1 


21 


1,8 


17.5 


9.9 x 10 7 


57 


4.9 


47.9 


0.11 


0.068 


0.06 


0.05 



Figure 3 shows the Total Phosphorus loadings in the first 24 hours after manure 
application to the tile drains at sites Trial 1 and Trial 2. Loading graphs for EC(NA), TKN 
and K for the first 24 hours after manure application for Trials 1 and 2 have a similar pattern 
to what can be seen on Figure 3. 

Figure 3. Loads of Total Phosphorus 
First 24 Hours After Manure Application 
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Table 2 shows the average loads of EC(NA), TKN, TP, and K discharging from the 
tile drains for Trial 1 and 2 in the first 24 hours after manure application as well as the 
percent of the load applied that reached the tile drains. 

No soil bacterial results are available for this application. The sampling wells showed 
increased bacteria concentrations within five hours of manure spreading initiating for both 
Trial 1 and 2. The Control Well showed no sign of contamination from the manure spreading 
event. 

4. CONCLUSIONS 

Thus far two liquid manure spreading events have been carried out to determine their 
relative impact on tile drain water and groundwater quality. Cultivation of the land prior to 
manure application decreased the amount of bacteria and nutrient loading to the die drain 
water. The injection method of manure application had a higher loading in the tile drain 
water compared to the irrigation method. Contamination of the groundwater, however 
occurred within five hours for both methods. 

Two more spreading events are scheduled in 1991. The irrigation versus the injection 
method of manure application will be compared again as will spreading on recently disturbed 
land versus undisturbed land. Two spreading events are also planned for the spring of 1992. 
Further conclusions will be made at that point in time. 
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I HI EFFECT OF THE EXOTIC ZEBRA MUSSEL iDRUSSENA POLYMORPIIA) ON 
NATIVE BIVALVES (UNIONIDAE ) IN LAKE ST. CLAIR. PL. CUlis* and G.L. Mackie, 
Department of Zoology, University of Guelph, Guelph, Ont., N1G-2W1. 



The exotic zebra mussel thai has recently colonized the Great Lakes is hypothesized 
tn have a severe impact on the native bivalves especially on the family Unionidae, The 
impact of the zebra mussel on native Unionidae was examined in Lake St. Clair from 1989 
to 1991. Impact is assessed here by the number of dead unionid shells per square meter 
With attached zebra mussels or with byssal threads. By 1990, 100% of the unionids in the 
sample area were encrusted with zebra mussels. Heavy infestations of 1000 zebra mussels 
or more per unionid are common in the study area. A single living unionid was found 
with 14.4 zebra mussels/cm 2 of exposed surface area, or a total of 1991 zebra mussels was 
attached to its shell. The mean number of zebra mussels found attached to living 
unionids in 1989 was 2bh and rose to 638 in 1990. 

There appears to have been a decline in the unionid populations since the arrival of 
the zebra mussel. Nalepa (1988) reported 7.8 unionids/m 2 in the area of Pike Creek in the 
southwest region of Lake St. Clair In this study the number of living unionids has 
dropped further from 3.9/m 2 in 1990 to 0.049/m 2 in 1991 from the same study area. In 
■ eleven species were found alive but in 1991 only four species have been found alive 
to dale. The majority (64%) of dead unionids collected in 1991 had zebra mussels or at 
teas! byssal threads attached to their shells, suggesting that the zebra mussels are 
responsible for the decline in the density and diversity of native bivalves from the study 
ire i 

In 1990 living unionids were found with massive colonies of zebra mussels on the 
posterior region resulting in occlusion of the unionids siphonal region. The growth of 
zebra mussels between the unionid's valves prevents the total closure of the shell, 
apparently exposing the unionid to predation and/or parasitism. The weight of some 
zebra mussel colonies is 3x that of the unionid they are attached to. This extra burden 
appears lo interfere with the unionid's locomotion and balance causing the unionid to 
topple over onto its side. Many infested unionids have been found dead on their side. 
The growth rates of unionids in relation to zebra mussel densities are being investigated to 
further asses the impact of zebra mussels on the Unionidae. The clearance rates of infested 
and noninfested unionids are also being investigated to deterniine what effect if any that 
the zebra mussels are having on the filtration of the unionids. 
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ENVIRONMENTAL EFFECTS OF HEAVY METALS ON A BENTHIC 

INVERTEBRATE COMMUNITY IN A PROVINCIALLY SIGNIFICANT 

WETLAND IN WELLAND, ONTARIO** 

hy 

M. Dick man*, E. Mortier and F. Fiore* 

Abstract 

Changes in benlhic invertebrate species composition and relative abundance were plotted 
as a function of the downstream distance from two point source discharges near a stainless siee! 
manufacturing company in Weliand, Ontario. The company discharges approximately 30,000 
m3 day ' into a provt ncially significant (Class i ) wetlands area of one of 43 Great Lakes Areas 
of Concern (AOC's). A relatively uncontaminated "control" site was established near the comer 
of Evan St.and River Road in the city of Weliand about 400 m upstream of the company's 
storm sewer discharge. 

Chironomid diversity and species composition were far higher (9-21 genera) at [he 
upstream control site than at any of the downstream stations (0-4 genera). Other benihic 
invertebrates were also more diverse and more abundant at the control site than at the 
downstream sites. Pollution tolerant benthic invertebrates such as sludge worms and blood 
worms dominated the downstream sites. Between !20 to 800 m downstream from the point 
sources, facultative benthic invertebrates such as isopods, snails and leeches began to replace 
the pollution tolerant sludge worms and blood worms. 

The benthic invenebrate distribution panem was compared with the heavy metal 
distribution partem in the sediments of the Weliand River near the site. Nickel (2,900 mg kg- 1 dry 
weight) lead (2,400 mg kg- 1 dry weight), zinc (2.200 mg kg- 1 dry weight) and chromium (2,100 
mg kg- 1 dry weight of sediment) were found at downstream sites at 10 to 300 times above 
upstream ambient concentrations. In 1986, the Atlas Specialty Steels Co. released 31 kg 
cadmium, 3,545 kg of nickel, and 5,694 kg of chromium into the Weliand River (MOE 1987). 
Cadmium, nickel, and chromium are known mutagens and potential carcinogens. Sites where 
sediments displayed the highest levels of heavy metal contamination also displayed the lowest 
benthic invertebrates diversity and densities. Downstream sites that were contaminated with heavy 
metals displayed the highest proportion of pollution tolerant chironomid genera such as Procladim 
ty.bellus and Phaenopsearaflavipes. These same locations displayed the highest percentage of 
chironomids with mentum deformities. 

Twenty five percent of the chironomids removed from the heavy metal 
contaminated sediments downstream of the Atlas Specialty Steels Co. Ltd. displayed 
mentum abnormalities. Further downstream, below the Weliand Sewage Treatment Plant, 
the frequency of abnormalities fell to 17%. Both of these sites displayed significantly 
more deformed chironomids than the control site where less than 7% were deformed (P < 
0.01). By comparison, uncontaminated sediments in Georgian Bay (Lake Huron) 
displayed chironomid deformity frequencies of 1-3%. 

* For presentation at the November, t99l MOE Technology Transfer 
Conference, Toronto. Canada. 

♦♦Biological Sciences Dept.,Brock University, St. Catharines, Ontario I.2S 
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INTRODUCTION 

In freshwater habitats, ihe most widely distributed benthic 
invertebrates arc the larvae of Ihe chironomid and tubificid worms 
<Brii.kt.ursi el al., 1968 & Warwick el at., 1987), Frequently, locations which 
are polluted by man-made contaminants will be associaied with an elevated 
frequency of both of these types of worms (ibid). 

Elevated frequencies of chironomid labial plale (menium) deformities 
have been associaied with agricultural contaminants in lake sediments 
(Hamilton and Saether. 1971), heavy metal carcinogens such as cadmium and 
chromium (Wiedcrliolm. 1984; Dickman et al., 1990). sediments contaminated 
with radioactive substances (Warwick er at. 1987), sediments contaminated 
with vinyl chlorides (Lan er at . 1990) and sediments contaminated by coal tars 
(Cushman, 1984 &. Dickman et at., 1991) Natural populations of chironomids 
living in areas such as Georgian Bay, which generally have not been imparled 
hy man-made chemicals, display very tow (t-3%) frequencies of labial plate 
deformities (Hare and Carter. 1976). 

The role of bottom sediments in rivers and lakes as an absorptive 
substrate for various heavy metals and polluting hydrocarbons has been 
suggested by a number of investigators (Black el al. 1979, 1981. driest 1979) 
These contaminated sediments make intimate conlacl with (he invertebrates 
thai live on. in and burrow through these sediments. In freshwater habitats, 
the most widely distributed benthic invertebrates are the larvae of the 
Chironomid and tubificid worms (Roback 1974, Warwick el al., 1987) 
Frequently, locations which arc polluted by man-made contaminants will be 
associated with the presence of both of these types of invertebrates (ibid). 

Deformities of Benthic Invertebrates Exposed to Mutagens 

Many benthic invertebrates are sensitive to teratogens and mutagens 
Consequently, many ecologists have attempted to use invertebrate organisms 
to quantify the level of gcnotonins in aquatic sediments (Hamilton and 
Saciher. 1971; Wiederholm, 1984; Warwick. 1985 and 1990; Warwick et al., 1987) 

Studies that examined the frequency of deformities of chironomid 
larvae in polluted sediment led to the use of abnormalities in mouth pans, 
antennae and chironomid body wall thickness for the detection of gcnotoiic or 
teratogenic contaminants (Hamilton and Saether. 1971; Wiederholm 1984 
Warwick el at . 1987; Dickman et at. 1990). 

The mouthparts of chironomid larvae are normally symmetrical 
Deformed specimens are characterized by asymmetrical labial plates (menta) 
and mandibular structures. Hamilton and Saether (1971) suggested that 
different types of pollutants may cause different types of deformities. This 
differential susceptibility seems to vary among the various chironomid 
species. Some species are far more sensitive to one group of teratogens than io 
others (Wiederholm, 1984; Warwick el at., 1987). Prociadius. Tor eiamplc 
appears to be one of the most pollution tolerant chironomid lata (Warwick. 
1991), while Phaenopsectra is less tolerant and is termed facultative by some 
diplcran entomologists (Wiederholm. 1984) 



Objective* of this Study: 

The aim of the present study was to collect chironomid larvae from an 
international Joint Commission (1JC) area of concern (AOC) in the Niagara 
River Watershed near Atlas Steels in Wclland, Ontario. Sites with known 
histories of contaminant accumulation were chosen along with an upstream 
control site (Evan Si.). These data were then used to construct a data-base 
which included the observed frequency of chironomid memum (labial plate) 
deformities. The purpose of this data-base was to document benthic 
invertebrate conditions prior to a sediment clean-up operation so that 
comparisons with tins baseline data set could be made following completion of 
the proposed Atlas cleanup project. 
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Methods 

Sampling and sorting 

All sediment samples were taken using a standard 15 X 15 Ponar dredge 
which penetrated the sediment to a depth of approximately 4 cm. The sediment 
samples collected in the dredge were transferred into a bucket equipped with a 
0.75mm mesh sieve. Once the samples were returned to the lab, each sample 
was sorted, removing the invertebrates. 
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Mounting and Evaluation 

The head capsule of each chironomid was separated from lis body, and 
placed into a beaker containing 10% KOH solution for appro* i mat el y four 10 six 
hour. This was normally sufficient lime to allow most of the protcinaccous 
head capsule tissue to be cleared away from the cbiiinous memum 

Each bead capsule was mounted on a glass microscope slide using Canada 
Balsam and xylene. Every slide was coded by Dawn Ralph or Graying. Rygiel of 
Brock University in Sl.Catharincs. Ontario. These slides were combined with 
slides from sites which were not included in this study and coded to ensure that 
Ihcrc was no unconscious bias on the pan of the examiner during deformity 
evaluation. The slide mounted chironomids were labelled as either "normal"' or 
"deformed" and the sample was then decoded. A "deformity" in the mentum of 
a chironomid was characterized by fused teeth, missing teeth, crossed Iccth, 
extra teeth, or teeth of an cxircmcly bizarre size of shape (Dickman el at.. 
1990); 

Results 
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River at Evan St. 



Chi runom id 
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Chironomid Data Tor Wellland River at 50m Downstream of 
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Den: Density of chironomids (#/m-2) 
%Def: Percentage of Deformed chironomids 
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ChiriMinmid Data 
Wfii.inrl River ;ii Atlas Mansfield Sewer outfall 
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Table 6 
Chironomid l)»ta for Welland River at Downstream 440 River Road 



Chironomid 
Genera 



Number of 
Individuals 



Normal 

Chironomids 
# % 



Deformed 
Chironomids 

* % 



No Chironomids Found 



Density 
(#m-2) 



Generic Diversity = 

* sample size <30 chironomids therefore statistical analysis cannot be carried 

out - no further samples were required by (he MOE. 



Discussion 

Heavy metal contaminated sediments of some rivers and harbours in the 
Great Lakes region have been found to impact on benlhic invertebrate 
populations at these sites (Sly, 1983; Fallon and Horvath, 1985; Kamdy and Post, 
1985; Lum and Gammon, 1985). The concentrations of heavy metals at some 
locations, including the Atlas Steel's area, have been found to exceed criteria 
established by the U.S. Environmental Protection Agency (EPA) and the 
Ontario Ministry of the Environment (MOE, 1989, Rodgcrs el at., 1985). Nickel 
and chromium, both genotoiic heavy metals (San, 1984), were found at 
concentrations about 2 orders of magnitude above background levels 
downstream of Atlas Steels Ltd. (Brindle in Dickman el al. 1991). 

Changes in species composition and density in benlhic invertebrate 
communities have been correlated with the presence of various toxic materials 
entering the environment (Buikeman and Hcrricks. 1978; Wiedcrholm. 1984). 
Generally, as the level of sediment contamination increases, a reduction in ihe 
complexity of the chironomid community is observed. This reduction is 
associate with an increase in relative abundance of the pollution tolerant 
genera, while the less pollution tolerant taxa often disappear (Cairns et el, 
1982; Han and Fuller, 1974). In the present study, the highest incidence of 
chironomid menium deformities was observed at sample sites that were located 
closest to the Atlas-Mansfield discharge pipe (26%) and the McMastcr sewer 
outfall (Transect 3, 9% and 12%). In addition, the dominant chironomid genera 
collected at these locations were Phaenopseclra, Pelypetillum and Procladias. 
Each of these genera were classified by Buikeman and Hcrricks (1978) as 
pollution tolerant taxa. The absence of all invertebrate life in the 9 Ponar 
samples taken at the Downstream 440 River Road site was interpreted as 
indicative of the presence of highly toxic heavy metal contaminated 
sediments. 

Although the percentage of menium deformities in chironomids 
collected from the upstream control site (3.1%) was lower than at any 
downstream location, the generic diversity (1.5) and chironomid density 
(455/m ) were also relatively low, These results indicate that upstream sources 
of pollution such as heavy metals from Ihe abandoned Wetland Iron and Brass 
Co. might be implicated. 



Mechanisms of Gcnotoxln Deformit y Induction 

The mechanisms of deformity induction include gene mutations, 
interference with transcription and translation, disruption of cell division, 
and metabolic disturbance (Metcalfe and Sonslcgard, 1985). Mutagenic or 
genotoxic compounds cause deformities in animals by disrupting genes (op. 
sit), Genotoxic substances which are discharged into water systems 
accumulate in the associated sediments which comprise the habitats for many 
bcrnhic invertebrate lata (Buikcman and Derricks, 1978; Wetzel, 1983; Lafont, 
1984). Although the absolute concentration of genotoxic pollutants may be 
very low in water and sediment, the process of "bioconcentraiion and 
bioaccumuUtion" will serve to magnify them in the food chain to many limes 
their inital concentration (Buikcman and Hcrricks, 1978; Tarkpea el at., 1985). 
Teratogenic effects rather than genotoxic effects occurred at the PAH 
contaminated site in the Wetland River (Otippawa Creek). 

Haydon and Man-Son-Hing (!9S8) and Kuffier el a! (1984), noted that 
calcium metabolism can be blocked by the presence of cadmium. Other heavy 
metals may also impact on the mentum development of chironomids exposed to 
elevated levels of these same metals. The increased frequency of mentum 
deformities observed in the chironomids at the ahovc sites may be due to the 
formation of calcium deficient menta resulting from the cadmium or other 
heavy metal contaminated sediments in the area surrounding Atlas Steels. 
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Figure Captions 

Figure 1. Sample locations along the Wetland River are indicated by the 
circles. The "control site" refers lo the Evan St. sample location and the 
Downstream site is noted by its location on River Road. 
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A study of the potential lor using whole body toxicant residues to predict the effect! of 

tine uriibli exposures in small fish. 

A.D. Arthur", B.E. Hickie, L.S, Mccarty, D.G. stixoa. 

University of Waterloo, Waterloo, Ontario, ML 301. 

A body residue model of toxicity has been examined aa a uim of assessing the effects of 
fluctuating toxicant exposures on small fiah. whole body toxicant reaiduea were found to be 
a good surrogate of dose and were predictive of effecta of tine variable exposures to three 
chlormated organic compounds in acute studies with fathead minnows , studiea were conducted 
to determine the potential of a body residue ssodel to predict sublethal toxicity of tiae 
variable exposures. Crowth studies using fathead minnows were conducted under continuous 
exposure initially and a threshold body residue was determined aa 0.0« - 0.09 amol/Icg 
pentachlorophenol and 0.2 m*ol/kg 3,4, 5-trlchlorophenol. Acute to chronic ratios based on 
measured body residues were found to be appro, 3.S for both chlorephenoli. Subsequent pulse 
exposure studiea with pentachlorophenol were conducted. Effecta on growth were explained 
using a real time bioconeeotration model to predict levels of PCP accumulated in fish. Pulse 
exposures resulted in toxicant exposures that exceeded LC50 values, however no significant 
mortality occurred as levels in fish did not exceed the predicted lethal threshold of 0.28 
mmol/kg. Actual measured levels of FCP in the minnows by Oc-aoelyeia were in excellent 
agreement with levels predicted by the model. 

in these studies, modification of standard ELS teat protocols using fathead minnows, to 
account for differences in feeding and density related effecta on growth, significantly 
improved the sensitivity of the system for detecting toxicity related decreases in growth. 
Considerations regarding determination of appropriate endpoints as eubiethel thresholds and 
possible considerations for improvements in standard protocols for fathead minnow early life 
stage studies will be discussed. 
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ABSTRACT 

Jackfish Bay. Lake Superior, has received the primary-treated effluent from a bleached kraft mill 
for several decades. The mill recently (October T989) installed a secondary treatment aeration 
lagoon system to treat its effluent prior to its release. Our data collected in 1989 extended a 
database initiated in 19B8 on the impacls of primary treated effluent on fish populations. These 
impacts included delayed maturation, smaller gonads, increased liver size, reduced secondary 
sexual characteristics, increased hepatic mixed function oxidase (MFOl activity and reduced levels 
of circulating plasma sex steroids. Our 1990 collections have been following these fish 
populations for evidence of improvements subsequent to the installation of secondary treatment. 
White sucker collected in August 1990 showed similar MFO activity levels to fish collected in 
August of both 1988 and 1989. MFO activity in longnose sucker and lake whitefish was also 
elevated relative to reference fish in August 1990. One year ol secondary treatment has not been 
successful in eliminating BKME impacts on MFO activity. White sucker and lake whitefish 
exhibited reductions in circulating levels of plasma sex steroids and reduced gonad growth relative 
to the reference site in 1990. These impacts are identical to ones found in both 1988 and 1989 
in the white sucker. The lack of any improvement in the reduced reproductive commitment from 
1 989 to 1 990 in Jackfish Bay suggests that secondary treatment has had no effect on the chronic 



reproductive impacts of BKME to date. Prior to secondarv treatment, Jackfish Bay fish exhibited 
increased liver size in August relative to two reference sites. During the first year of treatment, 
liver weights have decreased by up to 50% in lake whitefish and 47% in white sucker. Although 
MFO induction, gonad sire and Steroid levels have not recovered during the first year of secondary 
treatment, there has been dramatic improvements m water clarity in Jackfish Bay and significant; 
reduction in the temperature of the discharge. Studies to identify further improvements following 
secondary treatment are ongoing. 



INTRODUCTION 

Pulp mills are the single largest producer of effluent released to the environment in Ontario, The 
Canadian side of the Great Lakes is the receiver for 19 pulp mills, including 7 on Lake Superior, 
3 on Lake Huron, 6 along the Niagara River and 3 on Lake Ontano. The pulp mill industry is under 
extreme pressure to clean-up their effluent, and all Ontario pulp milts will be required to install a 
secondary treatment system for their effluent within the next decade. Despite the enormous costs 
involved m installing a secondary treatment system f> $20-30 M). this has been proceeding 
without validation that secondary treatment will in fact remove the organic compounds responsible 
for exerting biological effects, despite the fact that biological effects related to pulp mill elfluents 
have not been clearly identified. 

Jackfish Bay has been identified as an area of concern IAOC] by the International Joint 
Commission (1JCI as it receives approximately 121,000 m J d' of BKME from a mill located in 
Terrace Bay. Ontario. The bleached kraft mill, produces 1200 air dried metric tonnes IADMT) of 
pulp per day. and has released primary treated effluent into Jackfish Bay for several decades. Our 
1988 and 1989 collections of white sucker from this area represent detailed baseline studies 
identifying impacts of this effluent on fish populations (McMaster et al., 1992a,b:; Munkittnck el 
al.. 19911. In October of 1989, the miil installed a secondary treatment aerated lagoon system 
to treat its effluent prior to its release. Studies conducted in 1990 have followed this white 
sucker population to evaluate the performance of secondary treatment in mitigating these impacts 
and have examined other species of fish for similar impacts. Since initiation of the lagoon 
operaiion. there have been substantial reductions in release of suspended solids, phosphorus and 
AOX, a reduction in BOD release by more than 95% (Environment Canada 1 989: Ontario Ministry 
of Environment 1 988; Environment Ontario 19911 and elimination of acute lethality of the effluent 
to rainbow trout ( Oncorhvnc hus r pvkiss l caged in Jackfish Bay for 7 d (K. Flood. Ontario Ministry 
of Environment, Toronto. ON. Canada M4V 1P5; unpubl. datal. Conditions in Jackfish Bay. 
including water clarity and temperature 01 the discharge have also improved dramatically. 



STUDY SITE 

Jackfish Bay, located along the north shore of Lake Superior, receives BKME from a mill located 
in Terrace Bay. Ontario. The pulp mill discharges its effluent into the headwaters of Blackbird 
Creek which receives little dilution between the discharge from the mill, prior to its entry into 
Moberley Bay (48°50'N. 86°58'W), the western arm of Jackfish Bay, a distance of approximately 
1 5 km. Over the last 40 years Moberley Bay has received either untreated or primary-treated 
effluent. The mill began operation in 1 948 and installed two primary treaiment clarifiers during 
expansion in 1978. Moberley Bay receives no other industrial or municipal effluents, making it an 
ideal site for studying the impact of BKME on hsh populations. For comparison, fish were 
collected at two different reference sites. Mountain Bay (48°56'N. 87°S0'W| and Black Bay 
I48°30'N. 88°40'W), both which have been used previously to monitor impacts of 8KME on Lake 
Superior fish populations (Smith et a!., 1991 1. 



SUMMARY 

During all collections in 1 989, male and female white sucker exhibited a decreased length and 
weight and a higher condition factor at the BKME site. This increased condition factor was 
consistent with en increased water temperature at the BKME site, but was inconsistent with 
impacts on growth and reproduction. Both sexes exhibited a decreased growth rate and a shift 
in size distribution towards smaller fish. White sucker exposed to BKME exhibited delayed sexual 
maturity, smaller gonads, reduced egg size, reduced secondary sexual characteristics and 
increased liver size. Using an unbiased sampling technique, both males and females were 
significantly older at the BKME site. White sucker exposed to BKME also exhibited reduced levels 
of plasma sex steroids (testosterone [Tl, 11-ketotestosterone 111KT1, 1 7(J-estradiol IE] and 
17(j,208-dihvdroxy-4-pregnen-3one !17a20fj-P|) and elevated levels of hepatic mixed function 
oxidase (MFOl activity as measured by the metabolism of beniofalpyrene. diphenyloxazole and 
ethoxyresorufin. 

Preliminary work on lake whitefish that were collected from Jackfish Bay in 1989, also indicated 
decreased gonadal growth and increased liver size relative to those at two reference sites. A large 
number of the BKME fish showed no evidence of gonadal maturation two months prior to the 
spawning season, indicating an increased age to maturation in whitefish that may exceed that 
found in the white sucker population. 

White sucker collected from Jackfish Bay during August 1990 exhibited similar hepatic MFO 
activity as recorded in samples collected during August of 1 968 and 1989. Secondary treatment 
has not been successful in eliminating BKME impacts on MFO activity. Hepatic MFO activity was 
also induced in both longnose sucker and lake whitefish in August 1990. However, samples 
collected two weeks after a planned mill maintenance shutdown during September 1990, showed 



no MFO induction in longnose sucker, reduced MFO activity in white sucker and a reduced impact 
zone for MfO induction in lake whitefish (Munkittrick et al.. 1992a). Liver size however, did show 
improvements following the installation of secondary treatment as white sucker livers declined 
47% in females and 22% in males and in whitefish by 37% in females and >50% in males (this 
trend has not been seen in 199 IK 

A reduction in circulating levels of gonadal sex steroids has been recorded in fish exposed to BKME 
in Jacktish Bay during 1989. Neither secondary treatment nor mill shutdown were successful in 
eliminating impacts of BKME exposure on levels of testosterone and 1 70-estradiol in female white 
sucker and longnose sucker (Munkittrick el al.. 1992a). No change in the reduced gonad growth 
at the BKME site was evident for white sucker and lake whitefish following secondary treatment. 

The short duration of MFO induction after shutdown and the persistence of steroid reductions 
suggest that a) secondary treatment has not been successful in removing " MFO active" 
compounds from BKME, b) induction is not related to sediment contamination with persistent 
compounds, cl the inducing agentis) are rapidly cleared by fish and that dl effects on steroids may 
not be directly related to MFO induction. In VjyjJ and in vitro studies rn the spring of 1990. 
suggest that there are other disruptions in the hypothalamic-pituitary-gonadal axis that can account 
for these lower steroid levels in BKME fish. Although BKME-exposed white sucker are capable of 
spawning viable eggs, sGnRH failed to induce ovulation in preovulatory fish during a 24 h period, 
while 10 of 10 fish from the reference site ovulated within 6 h, BKME-exposed fish showed lower 
plasma levels of both T and 1 7.200 P a! time 0, while no increase in 17,200-P was seen after 
injection of the sGnRH. In vitro incubations of ovarian follicles revealed depressed basal secretion 
of Tand 17,200 -P and diminished responsiveness to human chorionic gonadotropin (hCG), BKME- 
exposed fish showed lower levels of both free and glucuronated T and 17,200-P in circulation. 
These fish however, show similar production of the prostaglandin (PGE,) in ovarian follicles 
suggesting that there is no general impairment Df a varian maturation (Van Der Kraak et al-. 1991). 

The ratio of steroid production between sites is the same as the ratio in the blood between sites, 
suggesting that induced hepatic MFO activity is not associated with altered plasma steroid 
clearance rates, independence of hepatic MFO activity and steroidal abnormalities is also 
suggested by experiments showing al no change in clearance of injected steroid and b) persistent 
depression of circulating steroids during spawning and mill shutdown, when MFO levels are not 
induced. 

During our thorough investigation ol the lake whitefish populations response to BKME exposure, 
more than 20% of the whitefish collected at the BKME site exhibited lateral, slash-like lesions 
which penetrated the body cavity. Histological examination revealed no evidence of an infectious 
etiology, and the wounds could not be accounted for by known causes (Munkittrick et al., 1992b]. 
Similar lesions were found in 1991 near a second BKME discharge. 



9H 



REFERENCES 

Environment Canada. 1989, Levels of adsorbable organic halogen in treated wastewaters from 
Ontario bleached kraft mills, Environment Canada, Conservation and Protection, Ontario Region, 
Pollution Abatement Division, December, 1989. 54 p. 

Environment Ontario. 1991. Municipal-industrial strategy for abatement: Preliminary report for the 
first six months of process effluent monitoring in the MISA pulp and paper sector (January 1. 
1990 to June 30, 1990). PIBS 1436, Water Resources Branch, Ontario Ministry of the 
Environment. ISBN 7729-8064-0. 175 p. 

McMaster, M.E.. G.J. Van Der Kraak, C.B. Portt, K.R. Munkittrick, P.K. Sibley, l,R. Smith and D.G. 
Dixon. 1992a. Changes in hepatic mixed function oxygenase (MFO) activity, plasma steroid levels 
and age at maturity of a white sucker I Catostomus commersoni l population exposed to bleached 
kraft pulp mill effluent. Aquat. Toxicol.: IN PRESS. 

McMaster. M.E., C.B. Portt, K.R. Munkittfick and D.G. Dixon. 1992b. Mill characteristics. 
reproductive performance and larval survival and development of white sucker I Catostomus 
commersoni) exposed to bleached kraft mill effluent". Ecotox. Environ. Safety.: IN PRESS. 

Munbttrick. K.R., C.B. Portt, G.J. Van Oer Kraak, I.R. Smith and D. Rokosh. 1991. Impact of 
bleached kraft mill effluent on population characteristics, liver MFO activity and serum steroid 
levels of a Lake Superior white sucker ( Catostomus commersoni ) population. Can. J. Fish. Aquat. 
Sci. 48:1371-1380. 

Munkfttrick, K.R., G.J. Van Der Kraak, M.E. McMaster and C.B, Portt, 1992a. Relative benefit of 
secondary treatment and mill shutdown on mitigating impacts of bleached kraft mill effluent 
(BKMEI on MFO activity and plasma steroids in fish, Submitted to Environ. Toxicol. Chem. 

Munkittrick, K.R., M.E. McMaster, C.B. Portt, G.J. Van Der Kraak, I.R. Smith and D.G. Dixon. 
1992b, External lesions and changes in maturity. MFO activity and plasma steroid levels of lake 
whitefish exposed to bleached kraft mill effluent (BKME). Can. J. Fish. Aquat. Sci.: IN PRESS. 

Ontario Ministry of Environment. 1988. Toxicity of pulp and paper effluents in Ontario (January 
1969 to December 1985). Aquatic Toxicity Unit, Aquatic Biology Section, Water Resources 
Branch. Ontario Ministry of Environment. April, 1988. 141 p. 

Smith, I.R., C. Pont and D.A. Rokosh. 1991. Hepatic mixed function oxidases are induced in 
populations of white sucker. Catostomus commersoni . from areas of Lake Superior and the St. 
Mary's River. J. Great Lakes Res.: IN PRESS 

Van Der Kraak, G.J., K.R. Munkittrick, M.E. McMaster, C.B. Portt and J,P, Chang. 1991. 
Assessment of reproductive fitness in white sucker exposed to bleached kraft pulp mill eflluent. 
Submitted to Appl, Toxicol, Pharmacol. 



CARCINOGENICITY TESTING OF BLEACHED KRAFT MILL EFFLUENT USING IN 
VIVO AND IN VITRO ASSAYS, CD. Metcalfe, M.E. Nanni and N,M. 
Scully, Environmental and Resource Studies Program, Trent 
University. Peterborough, Ontario K9J 7B8. 

in vivo and in vitro assays are being used to determine whether 
bleached kraft mill effluents (BKME) have the potential to be 
carcinogenic to fish. BKME extracts were prepared by column 
chromatography with XAD resins. Non-polar to medium polarity 
compounds were extracted using XAD-4 resin, and polar compounds 
were extracted using XAD-7 resin. Mutagenic activity was detected 
in XAD-7 extracts using the Salmonella fluctuation assay, but there 
was a negative response in the Salmonella plate-incorporation 
assay. The XAD-4 and XAD-7 extracts induced slightly elevated 
activities of hepatic aryl hydrocarbon hydroxylase (AHH) and 
ethoxyresoruf in-O-deethylase (EROD) in in vivo tests with rainbow 
trout. However, these extracts were hepatotoxlc to the trout at 
high doses. BKME extracts were tested for carcinogenicity using 
an jjj vivo assay with rainbow trout. Gross observations of tumour 
incidence indicated that XAD-4 extract enhanced the carcinogenic 
response to a potent hepatocarcinogen, aflatoxin B, , but the 
extracts were not carcinogenic themselves. Histological evaluation 
of the carcinogenicity data is underway. 



MULTIFACTORIAL CAUSES OF POLLUTION-ASSOCIATED NEOPLASMS 
IN FISH IN LAKE ONTARIO. 

MA. Hayes*. G.M. Kirby, P.J. Byrne. 8.A. Quinn, M.J. Stalker and H.W, Ferguson. Fish Pathology 
Laboratory. Department of Pathology, University of Guelph, Guelph, Ontario. N1G 2W1 . 

ABSTRACT 

Environmental and water quality can be monitored by epidemiological evaluation of pollution- 
associated diseases of wild fish, provided thai it is based on an understanding of the various causative 
factors Involved in the pathogenesis of Ihe diseases monitored. Our studies have evaluated the 
influences of naturally occurring liver diseases on the susceptibility of white suckers (Catostomus 
commersoni) to environment! carcinogenic polyaromatic hydrocarbons fPAH), especially 
benzo[a]pyrene (B[a!P). White suckers trom urban/Industrial locations in western Lake Ontario have 
higher concentrations of metabolites of polycyclic aromatic hydrocarbons (PAH) in bile than do fish from 
clean sites. White suckers from some PAH-polluted locations also have an elevated frequency of liver 
tumors, whereas some other fish species in the same polluted habitats appear to be resistant to tumor 
development. We have demonstrated that bottom-feeding fish Including white suckers, brown 
bullheads. European carp and channel catfish have strong glutathione S-transferase (GST) -dependent 
DMA-protective activity against DNA-binding metabolites ot BfaJP. namefy B[a]P-7,8-dial.9,1Q-9poxide 
(BPOE) and B[a]P-4,5-oxide (BPO). By comparison, liver GSTs ol rainbow trout, lake trout, salmon and 
various terrestrial mammals, including humans, are less able to protect DNA from these reactive PAH 
metabolites. White suckers from both clean and polluted sites have a chronic inflammatory disease of 
bfle ductB (cholangiohepatttis) associated with parasitic protozoa (Myxosporea), digenelic flukes 
(San^jinicola sp) and larval nematodes (Acuarioidea). These parasitic diseases are associated with a 
high frequency ot obstructions of bite ducts, resulting in segments ot liver with reduced activity of hepatic 
GST activity, a detoxification system that is important in biliary excretion of PAHs and B(a)P in these fish. 
We demonstrated lhat various substances that accumulate in the liver after bile duct obstruction, 
including some bile acids, bilirubin, bifiverdm and hematin, are potent inhibitors of hepatic GSTs in white 
suckers. Bilirubin and hematin also inhibited glutathione conjugation ol B[a]P-4,5-oxide mediated by 
GST proteins from white sucker liver. However, in while suckers given small quantities of 3 H-B]a)P, 
levels ol labelled DNA adducts in obstructed lobes were very low and similar to levels in more normal 
areas of liver. These studies suggest thai whife suckers and other bottom-leeding fish are remarkably 
resistant to B[aIP and that naturally-occurring parasitic kver diseases might interfere with detoxilication ol 
some PAHs. The hypothesis that multiple factors are involved in ihe susceptibility ol white suckers to 
pollution-associated liver carcinogenesis has Important implications lor efforts to monitor environmental 
carcinogens by tumor surveys in fish in the Great Lakes. 

INTRODUCTION 

The Impact of urban/industrial pollution of aquatic environments can be monitored by the 
epidemiological and mechanistic studies of diseases ol wild fish (1-5). For example, the prevalence of 
liver tumors (neoplasms) in various species ol bottom-dwelling fish is an indication ol potlutlon-associaled 
changes in marine (a, 6-10) and treshwater environments (1,11-14) but such studies have not yet 
successfully identified the most carcinogenic contaminants pulatively involved in the pathogenesis of 
these neoplasms. Tumor prevalences provide a geographical indication ol changes, including 
environmental carcinogens, within regions ol an ecosystem, but do not necessarily measure the risk to 
other species within the same ecosystem. In terrestrial mammals, including humans, liver carcinogenesis 
is a complex response to various environmental and endogenous factors, including infectious diseases, 
genetic susceptibility, behavior, diet and also lood-borne carcinogens (ram their environment (15-16) 
This suggesls that an understanding of the environmental significance ol pollution-associated liver 
neoplasms in fish cannot be reliably developed from selective evaluation of effects ol pollutants without 
regard to other contributing influences (14). It also implies that responses ot fish to pollutants that are 
reliably implicated as risk factors for their tumor susceptibility cannot be readily extrapolated to other 
species of fish or terrestrial species until more is understood aboul the context ol this susceptibility. 
Accordingly, environmental scientists working with industries, regulatory agencies and other interest 
groups need to develop a clearer rationale for Interpreting tumor prevalence data in fish as Indicators o! 
ecosystem stresses, or as measures of potential health nsk risk to humans and other species. 

Cancers result from a series of insults in the context ol changes in the host ability lo resist these 
Insults (17). Some changes in resistance obviously relate directly to exposure levels to substances with 
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genotoxic or promosing effects on tumor development In Ihis situation, problems can directly relate to 
an imbalance between the ability ol Ihe hosl to resist carcinogenic responses (eg avoidance, 
detoxification, and repair ol promutagenic insults) However, lor many DNA damaging carcinogens of 
environmental significance (eg potycyclc aromatic hydrocarbons (PAHs), anatoxins, etc), most normal 
individuals are unlikely to be exposed to sufliciently high environmental levels to saiurate Ihese 
constitutive resistance mechanisms (17,18). Similarly, non-genoloxic polltanls (such as 
organochlorines. especially PCBs. dioxins. etc) (hat are carcinogenic in laboratory animals exposed at 
high chronic rates substances, evidently act by mechanisms that do not operate at vBry low levels ol 
exposure (17) Variation in susceptibility can also be due lo (actors lhat Increase (induce) or reduce 
resistance. For example, persistent chemicals lhat induce cytochrome P-450-dependenl mono- 
oxygenases and phase II detoxihcation enzymes, increase the ability to resist DNA damage by many 
genotoxic carcinogens lhat are detoxified by the induced systems (17). More Important from the 
environmental perspective are inlluences thai actually compromise these constitutive and inducible 
resistance mechanisms lo environmental chemicals for example, there are well recognized diflerences 
in resistance to genotoxic (13) and non genotoxic carcinogens (17) among species, and also among 
individuals with genetic polymorphic differences in expression ol crucial enzymes involved in 
detoxification or DNA repair (19,20). Furthermore, concurrent liver disease due 10 viral or parasitic 
infections (20.21) can decrease (unction ot various detoxification or repair enzymes, either by increasing 
Ihe load of hepatic waste products lhat inhibit ihem (22), or by eliciting regeneralive proliferation of cells 
lhat are more likely lo become mulaled when their repair mechanisms are overloaded (17,20) Finally, 
during the pathogenesis of liver cancer in mammals and lish, preneoplastic cell populations develop, 
some of these have induced resistance lo carcinogens, whereas other ciearty lose their constitulively 
expressed glutathione Stransferases (GSTs) lhal are essenlial in resistance to DNAS damaging PAHs 
and anatoxin (14.18. 23.24). 

This paper describes our recent investigations of various factors that might influence the 
susceptibility to liver neoplasia in various bottom-dwelling species from Ihe Great Lakes particularly while 
suckers [Catoslomus commarsoni) (rom industrially-polluted western Lake Ontario. These studies 
suggest lhai concurrent liver disease in white suckers contributes in several ways lo an interference with 
strong constitutive GST-dependent resistance to benzo[a]pyrene (B[a]P), a representative ol the PAH 
class ol environmentally important carcmogenic pollutants lhat are known to be more abundant in 
sediments in locations where pollution-associated liver tumors have been recognized in botlom-feeding 
llsh (6-10,12.13,25.26). Our tindings place some complexity on interpretations of significance of tumors 
m wild fish, but provide some guidance wilh respect to the judgements of extended environmental risk to 
humans and ecosystem health, and also with respect lo disticlive properties of the as yet unidentified 
environmental substances most likely involved in carcinogenesis in these tish. 

MATERIALS AND METHODS 

Reagents. 3 H-Benzo(a)pyrene ( 3 H-DaP. specilic activity 56 Ci/mmot) was a product of New 
England Nuclear (Boston, MA). (±)-f-7,l-8-dihydroxy-l-9.10-epoxy-?.B.9.10-1etrahydro [1,3- 3 H] 
benjo[a]pyrene (anli) ( 3 H-BPOE. specilic activity 439 CVmmol) was obtained trom Chemsyn Science 
Laboratories, Lenexa, KS (t) Benzo(a)pyrene-4,5-dihydroepoxide (BaP-4,5-oxide) was purchased 
from the NCI Chemical Carcinogen Repository, (Kansas City. MO) Chenodeoxycholic acid (99% purity), 
deoxycholic acid, bilirubin biliverdin, hematin, GSH, sodium dodecyl sulfate (SDS).l-chloro-2,4- 
dinitrobenzene (CDNB). 2-phenoxyethanol and call thymus DNA (type 1) were purchased from Sigma 
Chemical Co (St Louis, MO |. nadph, hbonuclease (RNase A) and protease (Proteinase K) were 
products ol Boe hunger Mannheim Biochermcals (Dorval, Quebec. Canada) Methanol (HPLC grade) 
and trichloroacetic acid were obtained from Fisher Scientific Co. (Nepean. Ontario. Canada) 
Hydroxyapatite (DNA grade, Bio-Gel HTP) was obtained brom Bio-Rad Laboratories (Mississauga, 
Ontario. Canada) All other chemicals were ol reagent grade 

Animals and Treatments. Liver samples from brown bullhead, carp, catfish, sculpm. and perch 
were generously provided by J. Fitzsimonsof Ihe Canadian Centre for Inland Waters. Burlington, Ontario 
or by I Smith, Ontario Ministry ot the Environment, Rexdale, Ontario. Samples trom trout and salmon 
were obtained Irom H Ferguson, Fish Pathology Laboratory. Department of Pathology, University ol 
Guelph. Guelph. Ontario. Adult male white suckers (n=24l) were caught from ihe Number River 
(Toronto, Ontario. Canada) during (heir spring spawning migrations and were maintained lor 1 week in 
laboratory holding tanks m clean well water at 10°C. Laparotomies were performed on fish under 
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anesthetic (2-phenoxyethanol, 5ml/llter waler) In order lo detect segmental liver obstructions- These 
obstructed regions occurred consistently in the most distal liver lobes and were easily identrlied because 
they were stained a dark brown-green color due lo retained bile pigments- The existence ot segmentally 
obstructed liver lobes in these tish provides a unique opportunity to compare Ihe metabolism and 
genotoxictty ot carcinogens in areas ot liver atfected, to a greater or lesser degree, by cholestasis- For 
studies on Ihe binding o< BaP metabolites to liver macromolecules in vivo , ttsh with obstructions were 
orally administered 3 H-BaP (0.2 umol/kg ot body weight; 2 ml of corn oil/Kg ot body weight) 1 -2 days alter 
surgery. Fish were killed 24 hours later and samples ol obstructed and adjacent unobstructed liver were 
separated and Irozen tor adduct analysis. Necropsies were performed on other tish and liver tissue from 
those with segmental obstructions was used to prepare cytosol for analysis of GST activity and tor the 
extraction ot bile acids Cytosol was also prepared from the liver ol fish without gross evidence ol 
obstructive bile duct disease for use in enzyme inhibition assays and in Ihe affinity purification of GST. 

Hlstopathology and Isolation of Parasites. This study did not focus on the prevalence or 
histopathological characteristics of hepatocellular or cholangloceiiular neoplasms in white suckers as this 
topic has already been covered in other studies (14. 24) Hislopathoiogical studies were performed on 
white sucker liver in order lo assess the prevalence of inflammatory liver disease and parasite infestation 
in fish from polluted and reference sites in the Great Lakes. Histological sections ol liver from white 
suckers from in Lake Ontario (Number R, N«46 and Ganaraska R.. n»40) and Lake Huron (South Bay, 
N-47 and Spanish R.. N-46) were generously provided by Dr V. Cairns, Canadian CBrrter for Inland 
Waters. Burtington. Ontarto, Canada. Liver tissue was fixed in 10% lormalin and 5um paraffin sections 
were stained with hematoxylin and eosin (H&E) Sections were examined tor the presence ot 
inflammatory lesions which were broadly categorized as either cbolangiohepatitis or cholangiolibrosts by 
criteria described in the results. The lesions were graded on a scale of to 4 (0: no visible lesions; l : 
mild; 2: moderate; 3. marked; 4: severe) according lo the severity of the lesions. Evidence ot parasitism 
was assessed by quantifying the number of parasites or parasitic granulomas visible per section. The 
location of parasites (I.e. within bile ducts, blood vessels or hepatic parenchyma) and evidence of 
parasite-associated inflammation (ie migratory tracts) was also noted Parasites were also isolated from 
liver tissue by manual extraction under a dissecting microscope or by pepsin digestion using a Baerman's 
apparatus- 
Preparation ot Hepatic Cytosols and GSTs. Liver tissue from the various species of tish 
and from obstructed and adjacent unobstructed liver from white suckers with gross evidence ot 
obstructive bile duct disease were collected on ice, minced, and homogenized in 3 volumes ol 025 M 
sucrose (pH 7.4), at 4°C, containing 1 mM EOTA and 25 mM Hepes Cytosol was prepared as Ihe final 
supernatant ot centrifugatlon al I0,000g (30 min, 4°C) and 100,000 g (60 min 4°C) (1B). Cytosol, Irom 
the livers of suckers unaffected by obstructive bile duel disease, used for GST purification by affinity gel 
chromatography, was diaiyzed tor 1B hr (12-14 kOa culoft) against 10 mM Tris-HCl containing SO mM NaCI 
(pH 7,8. at 4°C) and applied lo a column (1X20 cm) containing S-hexylglutathione-Sepharose 48 
(Pharmacia, Etobicoke, Ontario). Following extensive washing with 200 mM NaCI. GSTs were ekrted with 
the wash butter containing 5 mM S-hexylgtutathione (18). The tractions exhibiting GST activity by 1- 
chloro-2,4-dlnrlrobenzene (CDN8) conjugation were pooled, diaiyzed for 24 hr against lOrnM Tris-HCL 
(pH 7,5} and stored at -70°C. The altinrty-puritied GST preparations contained only bands in the 24-28 
kO range present in silver-stained polyacrylamide electrophoresis gels, Ihe punty of which was confirmed 
by western immunoblot analysis (23) 

Enzyme Assays and Inhibition Studies. The activity ol cytosolic GST and affinity purified 
GST towards the substrates CDMB and BaP-4,5 -oxide was determined. GST activities using CDNB (0.S 
mM, pH 6.5) as a substrate were measured at 25°C by the spectrophotometry method of Habig e< al (28), 
Specific activities were expressed as umol CDNB/min/mg protein. The assay of GST activity towards 
BaP-4.5 oxide was based on a method described by Eaton and Stapleton (29). The effect of 
chenodeoxycholate, deoxycholate, bilirubin, and hematin on the activity ot sucker hepatic GSTs towards 
CDNB was measured by comparing the reaction rate in Ihe absence and the presence ol the Inhibitors. 
The effect of bilirubin, hematin and CDCA on cytosolic GST activity using BaP-4,5-oiide as a substrate 
was also determined. The enzyme {25 ul containing 40 ug cytosolic protein or 2.5 u.g ol alfinity purified 
GST) was preincubated with the inhibitor for 5 minutes prior to the addition ot substrates. In ihe CDNB 
assays, at least live different concentrations ol inhibitors, m the umolar range, were used in Ihe assays 
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and the I50 values (the concentration giving 50% inhibition of enzyme activhy) were determined from 
plots ol remaining activity vs inhibitor concentration. Because Ol the limited solubility ol CDCA, 2.0% 
(v/v) methanol was included in the assay tor this bile acid, Hematin, biliverdin and bilirubin were dissolved 
in 10 mM NaOH and all solutions were protected from lighi. The volume ot the additions of inhibitor 
solutions was 20 u.l Control experiments were performed in the absence ot nonsubstrate ligand but 
included appropriate concentrations ot methanol or NaOH carrier solutions Activities represent the 
average ol 3 determinations 

Separation ot GSTs on Polyacrylamlde Gels. Polypeptide subunil profiles ol cytosol and 
punfted GSTs were analyzed by SDS-polyacrylamide (12%) gel electrophoresis (SOS-PAGE) as 
described by Rushmore et al., (30). All gels were stained with silver nitrate loliowing the precedure 
described by Wray et al. (31). 

DNA Binding Assays. The DNA protective activities ol cytosols trom livers from various 
species ot freshwater fish including brown bullhead, carp, cattish, sculpin. trout, perch as well as 
obstructed and adjacent unobstructed and altinity purified GSTs from white sucker liver were assayed in 
an in vitro DNA binding procedure similar to that described by Quinn et al (18) Each t-ml reaction 
mixture contained 0.1 M K-phosphate buller (pH 7.4). 0.1 M sucrose. 0.5 u,C> 3 H-BPDE or 3 H-B[a]P-4,5- 
oxide (i yM ) dissolved in 20 u1 ot letrahydrofuranrthethyiamine (19:1). 0.2 mg call thymus DNA, NADPH 
(2mM). 1 6 mg cytosolic protein (i.e cytosol Irom obstructed or adjacent unobstructed liver} and various 
concentrations ol dialyzed aflinily-punlied liver GSTs with or without GSH (2.5 mM). Samples were 
incubated tor 8 min at 25°C. and then extracted three times with chlorolorm/isoamyl alcohol (10:2, vrv) 
Elhanol-precipitated DNA was collected by centrifugation. washed with elhanol. and dissolved in 1 ml 10 
mM Tfis-HCH mM EDTA (TE buller, pH 7,4), DNA was purified by incubation with ribonuciease A and 
proteinase K, and then extracted, precipitated and redissolved as described above. The DNA in solution 
was quantified by 260 nm absorbance. radioactivity was measured and 3 H-BPDE bound to DNA was 
expressed as pmol bound/mg DNA. 

BaP metabolites bound to sucker hepatic DNA in vivo were also measured BaP- modified DNA 
was isolated from normal and obstructed liver tissue by hydroxylapalile chromatography according to the 
method described by Adnaenssens et al (32), The DNA was quantified by 360 nm absorbance using 
the relationship lmg DNA*50 Aj^o uni, s The purity of the final preparation was judged by Ihe 
absorbance raho of A260 nm 280 nm which consistently ranged from 1 8-2,0, BaP-derived radioactivity 
was then assessed in the ONA solution by direct liquid scintillation counting (LSC) and the specific 
binding of BaP to DNA was expressed as Imol BaP/mg DNA. 

Protein Isolation and Quantification of BaP Covalently Bound to Protein.. Protein 
was isolated Irom the CIP extract obtained during the isolation ot DNA as described by Stowers and 
Anderson (33), BaP-derived radioactivity m the protein solution was then assessed by LSC, The 
covalent binding of BaP to protein was expressed as Imol BaP/mg protein. 

RESULTS 

Gross and Histologic Lesions. Many white suckers had a diffuse inflammatory proliferative 
reaction along portal tracts, which is subsequently referred to as cholangbhepalitis. Liver affected with 
cholangiohepatitis had diffuse lesions thai were consistently centered on major bile duct systems. Major 
portal tracts were prominent and tortuous with markedly hyperplastic biliary epithelium frequently folded 
into papillary lumenal projections. Due! lumens often contained protein- and/or mucus-rich material 
together with exfoliated necrotic epithelial cells and some leukocytes. Surrounding these biliary tracts 
was an associated marked chronic periductal inflammatory reaction characterized by a mixed 
mononuclear cell infiltrate together with a mild to severe degree ol periportal fibrosis There was 
occasionally periportal proliferation of small cholangites that extended into Ihe hepatic parenchyma 

A less Irequent but distinct process, subsequently termed cholangiofinrosis, occurred mainly as 
relatively discrete local lesions in tfte peripheral regions ol the liver: the long narrow distal lobes being 
most frequently affected. Some of these distal obstructed lobes were dark green segments that were 
readily distinguished from the tan colored proximal adjacent unobstructed liver The more chronic and 
librotic lesions appeared as discrete pale loci (2-20 mm) present within obstructed lobes. Histologically, 
affected areas had local segmenial proliferations of small choiangioies. accompanied by moderate to 
severe interductal fibroplasia In the more severely affected regions, there was marked hepatocellular 
atrophy wiih few residual hepatocytes recognizable among the cholangiolibrotic reacikjn. Metano- 
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macrophage centers comprised of greatly enlarged phagocytes containing yellow brown cytoplasmic 
pigment were prominent in these areas. Leukocytic infiltrates were minimal except in the vicinity of 
migratory parasites, encapsulated granulomas or concurrent areas of cholangiohepatitiS- The distribution 
and histologic appearance ol the cholangioflbrollc lesions was consistent with a segmental bile duel 
obstruction. 

Several different parasites were observed both grossly and histologically in the livers ol these fish 
Protozoal cysts (Myxozoa: Myxosporea) were visible within major bile ducts the epithelium ol which was 
hyperplastic. Nematode larvae {Sptrurida. Acuanoidasj were located within acutely necrotic areas of 
hepatic parenchyma and were associated with infiltrates of granulocytic and mononuclear inflammatory 
cells or were present within encapsulating granulomas. Flukes (Diginea: Sangumtcoia) were present 
mostly In portal veins but occasionally within areas ol aculety necrotic tracts in (he hepatic parenchyma . 

Hepatocellular neoplastic lesions ranged from small round or irregular foci of phenotypically altered 
(basophilic) hepatocyles to larger hepatocellular neoplasms that were expansive or often locally invasive 
within the liver. These lesions were composed of polygonal cells with a higher nucleus to cytoplasmic 
ratio and less cytoplasmic differentiation than normal hepatocyles. Lesions corresponding to foci of 
hepatocellular alteration, were occasionally visible grossly as small (2-10 mm) dark brown spherical areas 
scattered throughout the liver Biliary neoplasms consisted of either bile dud adenomas, typically 
discrete nodules of irregularly arranged ducts within a connective tissue matrix, or carcinomas, typified by 
extensively invasive, poorly differentiated, irregular duct-like structures. 

The prevalence of inflammatory bile duct disease in white suckers was determined by histological 
examination of sections of white sucker livers Irom two polluted and two reference sites in the Great 
Lakes. Quantification ol mean histological scores reflecting the seventy of lesions of choiangiohepatHis 
and cholangtof ibros>s revealed that Inflammatory bile duct disease is widespread In white suckers 
throughout the Great Lakes (Fig 1 }. While some livers from all sites had evidence of Sangvinicola. 
Myxosporea, and Spirurid parasitic infestations, there were no obvious differences in the frequency of 
infestations among types ol parasites and sites 

Assays for GST Activity and Expression. The hepatic cytosoUc GST activities (CDNS) from 
various species fish including brown bulhead, while sucker, catfish, scuipin, perch, trout and salmon are 
presented in Fig. 2 Hepatic cytosolic GST activity varied significantly in the various species examined . 
Generally, the GST activity was greater In benthic fish species compared to pelagic fish. The influence of 
bile duct disease and cholestasis on cytosolic GST activity was also determined. GST activity (CDNB 
conjugation) of cytosol prepared from obstructed and adjacent unobstructed liver was examined. GST 
activity in cytosol prepared from obstructed liver (mean t SE, 0.25 tO.08) was 45% lower (p<0 Q5( than 
the activity in cytosol prepared Irom adjacent unobstructed liver (mean ± SE, 0.55 ± 0.08) (Table 1 ). 
Densitometrfc analyse of polypeptide bands corresponding to GST proteins (24-28 kO range), separated 
from cytosol by SDS-PAGE. revealed that the major cytosolic GST subunits were similarly expressed In 
obstructed and adjacent unobstructed liver. 

The influence of various endogenous nonsubstrate inhibitors including chenodeoxycholic acid, 
deoxycholic acid, bilirubin, biliverdin and hematin, on the activity ol cytosolic and alfinity purified GST; 
towards CDNB and BaP-4,5-oxide was determined m vitro- The results are presented in (Table 2). GST 
activity was inhibited by umotar concentrations of these inhibitors in a dose-related fashion. Hematin was 
the most profound inhibitor ol hepatic GSTs with an I50 value ol less than 1 uM. Preincubation of hepatic 
cytosol with umolar concentrations of bilirubin resulted in dose- related reductions in GST activity towards 
BaP-4,5-o*k)e. however, CDCA and hematin had no effect. 

Binding ot BaP to DNA and protein In vivo and In vitro. The degree of protection 
provided by cytosol Irom liver ot various benthic and pelagic fish species against binding of BPDE or 
B|a]P-4,5-oxicle to DNA was examined in vitro Liver cytosol from pelagic fish species provided less 
protection against binding ol BPOE and B(a]P-4,5-oxide 10 DNA compared to cytosol from the liver of 
benthic species (Fig. 3). The effect ol choleslasis on GST-mediated detoxification ot electrophitic BaP 
metabolites was assessed in various binding assays in vivo and in vitro (Tablet ). Hepatic affinity purified 
and cytosolic GSTs from white suckers provided dose-related protection against the binding of Ihe 
ultimate carcinogenic metabolite BPDE to DNA in vitro. The reduced DNA binding provided by affinity- 
purified cytosolic GSTs in the presence of GSH was not evident in the absence of GSH The protective 
effect of cytosol, derived from obstructed or adjacent unobstructed liver, against the binding ot BPDE lo 
DNA In vitro was also analyzed (Table 2). Cytosol trom adjacent liver had slightly stronger protective 
activity against ONA binding by BPDE (16.4 pmol BPDE/mg DNA ±1.3, p<0.06) than cytosol from 
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obstructed liver (20 6 pmol BPDE/mg DNA ±1.6). There was no statistically signilican! difference In the 
degree of binding ol BaP metabolites to macio molecules (either protein or DNA) in obstructed liver and 
adjacent unobstructed liver (Table 1). 

DISCUSSION 

The results ot Ihis study clearly indicate that the activity ol cylosolic GSTs varies considerably in 
liver from various fish species from the Great Lakes. The greater GST activity m livers ot bottom-dwelling 
tish might be interpreted as an evolutionary adaptation to provide resistance to the potentially genoloxic 
and carcinogenic effects ot xenobiotic compounds, that are necessarily detoxified by GSTs. to which 
these irsh are exposed in their benthc environment This interpretation is supported by the finding that 
liver cytosot trom benthic tish species provided greater protection against DNA binding by the 
carcinogenic PAH metabolite BPDE. and the reactive intermediate B[,a]P-4,5-oxide. This variation in 
constitutive GST-medialed protection in tish might explain differences in susceptibility of various tish 
species to pahs in contaminated sediments. Recent evidence trom epidemiological and laboratory 
studies in various bottom-dwelling tish support the hypothesis that reduced GST-mediated protection 
might explain differences in susceptibility to some environmental carcinogens. For example, English 
sole (Parophrys vetulus) show a higher prevalence ol liver cancer compared to starry flounder 
(Platicl'thys stellatus) trom industrially polluted estuaries of Puget Sound, Washington (7.9). Studies ot 
BaP metabolism in these tish have demonstrated lhat in vivo binding ot 3 HSaP to hepatic DNA is 
approximately twice the level in English sole compared to Starry flounder (7). HPLC analysis has 
revealed a much greater proportion ot biliary BPDE-GSH conjugates in the bile ol Starry llounder than in 
English sole (9) Also, hepatic GST (CDNB) activity is three-told higher in Starry flounder compared to 
English sole (7). Similarly, tumor surveys Ot Great Lakes tish indicate a higher frequency ot liver tumors 
occurs in bottom dwelling brown bullheads (tctalufus nebulosus) compared to carp (Cypnnus carpio) 
collected trom the same polluted areas in Lake Erie (5. 1 1 ) Recent comparative studies ol BaP-7.8-dk>t 
metabolism in hepatocytes isolated trom brown bullheads and carp revealed that carp hepatocytes 
metabolized BP-7,8-diol laster than bullhead hepatocytes producing a larger proportion ot GSH 
conjugates (34). However, higher levels of BaP-ONA adducts which occur in carp hepatocytes fail to 
explain higher susceptibility ot brown bullhead to PAH- associated liver cancer. 

In some white suckers trom various sites in (he Great Lakes, a parasitic obstructive hepatobiliary 
disease is associated with severe regional cholestasis ol distal liver lobes The nature ot this segmenlally 
obstructive liver disease provides an opportunity in which to evaluate acquired alterations in GST activity 
and regional diflerences in carcinogen metabolism in a unique natural model of inflammatory liver 
disease The results of these experiments indicate that obstructive liver disease and cholestasis in white 
suckers reduces hepatic glutathione S-lransferase activity lor CDNB as a substrate. Because amounts of 
GST subunrfs were similar. Ihis reduction appears to be due to an inhibitory effect of some substance in 
cholestatic liver During cholestasis, the intracellular concentration ot organic ions, such as bile acids and 
bile pigments, increase to levels (35,36) which can impair the catalytic activity of GSTs. Heme cataboliles. 
namely hematin, biliverdin. and bilirubin, and also bile acids namely CDCA and DCA, inhibited CDNB 
conjugating activity ot white sucker cytosol and purilied GSTs in vitro. This suggests that some bile acids 
and bile pigments that accumulate during cholestasis may contribute to the tower activity measured 

An important issue thai is addressed in this study is whether inhibition ol GSTs, that is associated 
with bile duct obstruction and cholestasis in while suckers, alters the ability ol GST isoenzymes to 
deloxfly carcinogens such as BaP The present experiments indicate that bilirubin is one endogenous 
nonsubstrata ligand capable of inhibiting cytosolic GST activity towards BaP-4,5.oxide in vitro. This 
interpretation is supported by moderate but significantly less prolection against the binding ot BPDE to 
DNA in cylosol trom obstructed liver compared with adjacent unobstructed liver. However, the levels of 
binding ol BaP metabolites to macromolecules in lisit given 3 H-BaP in vivo indicate lhat cholestasis had 
neglible inlluences on binding ol 3 H-BaP to hepatic DNA. While this suggests lhat alterations in GST 
activities in obstructed lobes do nol reduce resistance to BaP at these low doses, the possibility that 
atlered GST functions increase sensitivity to BaP at higher doses, or to other environmental PAHs was 
not evaluated Recent studies, in which DNA adducts were examined in the liver of English sole treated 
with variable doses ot BaP, indicate that the lormation ot BaP-ONA adducts is linear at doses ranging from 
2 to 100 ng/g suggesting that in this tow dose range neither activation nor detoxification pathways are 
saturated (37,38) However, a possible threshold dose ol PAHs lor DNA adduct formation mkjhl exist at 
higher doses particularly in liver with compromized phase ll detox itylng capabilities such as occurs in 
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suckers with cholestasis Also, the rate ol DMA repair in sucker liver during the 24 hour period following 
BaP administration might be sufficient 1o compensate lor increases in PAH-induced DNA damage. Thus. 
she hypothesis that reduced GST-medialed protection predisposes to PAH-inducsd genoloxicity in 
white suckers remains unsupported but also unreluted. However, the resulls ol these studies suggest 
that BaP Is not an important carcinogenic PAH in white suckers, even il Iheir livers are obstructed. 
Accordingly, olher environmanlal contaminants, including other important PAHs, might be more 
important than B[a]P In the pathogenesis of liver cancer in while suckers. These findings suggest that 
chemicals mosl likely to be involved will be much more genotoxic when hepatic GSTs from while suckers 
are inhibited. Our assays used In these studies provide a means ol making this determination on 
candidate environmental carcinogens. 

The presence of parasites and parasitic lesions in fish with segmentally obstructive liver suggests 
1hal parasitism may be directly involved in the pathogenesis of obstructive bile due! disease. The chronic 
inflammatory bile duct disease is widespread in white suckers in the Great Lakes and nol consistently 
associated with hepatic neoplasms which are found preferentially in Industrially polluted locations. This 
suggests that parasitic liver disease is no! exclusively responsible for neoplastic development, but it 
cannot be dissociated from the neoplastic disease because the parasitic disease is endemic in all sites 
examined- Thus the disease might be an important influencing factor in the pathogenesis of liver 
neoplasia in these fish. Concurrent nonneoplastic liver lesions, including inflammatory, degenerative 
and necrotic lesions, and neoplastic hepatic lesions have also been observed in other studies ol 
pollution-associated neoplasia In both marine and freshwater bottom-dwelling fish (2.6,6.10,14). 
Myxosporeans |2| and bile duct inflammatory disease with cholestasis has been observed in English sole 
from Puget Sound (2,39|. suggesting a similar association of liver disease and neoplasms as we have 
observed in white suckers in Lake Ontario. While it is nol possible to determine, from Ihe present study 
alone, the role of parasitic disease in the development of liver neoplasms in white suckers from polluted 
environments, there is substantial epidemiological evidence supporting a correlation between liver 
cancers and inflammatory liver disease in humans infected by Hepatitis B virus or various parasites 
(15,16). However, the cellular and molecular mechanisms underlying this association are unclear. 
Increased proliferation of bile duct epithelium observed in white suckers with cholangbhepatitis and 
cholangloftorosis might be an importam contributor to the co-occurrence of liver neoplasia and bile duel 
disease in white suckers. However, chronic inflammation and liver cell injury might also increase 
susceptibility to liver carcinogens by altering activation, detoxification or biliary excretion of carcinogens. 
or altering DNA repair mechanisms (20,21). The reduction in GST activity, in association with 
Inflammatory bile duct disease and cholestasis, might represent another mechanistic explanation thai 
does not exclude the possibility that ihe increased rate ol proliferation and other influences may also be 
involved The results of this study do suggest that white bottom-feeding white suckers are remarkably 
resistant to BaP. parasite-associated bile duct disease could interfere with detoxification of other 
xenobotics detoxified by GSTs 

Because of the complexity and multifactorial nature of pollulion-associated hepalocarcinogenesis 
in bottom-dwelling fish, the relevance of this problem as an indicator of the status of iheir aquatic 
environment is not easily established. The use ol tumor surveys in wild fish, without supportive data from 
mechanistic studies, might lead to Ihe erroneous Interpretation ol epidemiological studies or 
implementation of ineffective or Inelevant remedial action. For example, il the parasite burdens decline, it 
mighl be reflected in fewer tumors even if carcinogen contamination is Increasing By investigating 
factors which influence (he development ol liver cancer in various fish and mammalian models of 
hepalocarcinogenesis, the judgement of potential risk of cancer development in humans might be made 
with greater confidence. For example, variations in conslilutive resistance to carcinogens between 
various species of fish, and between individuals in human populations, suggests that the risk of 
developing cancer is not uniform in heterogenous populations. Questions such as "are humans similarly 
sensitive to environmental carcinogen X, as rats, or mice, or white suckers or some other species?" are 
important in Ihe context of how risk assessment is currently performed. However, recognition of 
constitutive differences within and among species in Ihe expression and (unction of resistance systems, 
or acquired differences associated with concurrent disease, preneoplasia, or exposure to competitive 
inhibitory or inducing substances, presents a complex situation thai cannot be handled optimally with 
simple regulatory rules based on simple assumptions Furthermore, interactions between various 
environmental, endogenous, therapeutic or nutritional substances in the pathways involved in 
biotransformation and detoxification might increase the sensitivity of Individuals to carcinogens to which 
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they are normally resistant. One ultimate challenge is to increase our understanding ol [he complex 
carcinogenic process and to more reliably predict and estimate cancer risk in human populations This 
objective is somewhat separable from objectives for ecosystem maintenace and remedial action. 
Recognition ol trie obstacles in the way ol these various objectives, and the limitations in approaches 
based on simpler notions ol carcinogens as heallh hazards or environmental impacts is an important 
Slage in this pursuit. 
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Table 1 . inhibition a! while sucker hepatic GSTs by various endogenous nonsubstrale ligantis 
. Iso(u"> 



Inhibitor Cytosol Affinity PurHlad GST 

DCA 240 267,0 

COCA 75.0 115.0 

Bilirubin N.D- 18.8 

Biliverdin 12.5 6 3 

Hemann p_6 04 

The [ 50 value is the concentration ol inhibitor giving 50% inhibition ol the enzyme activity at pH 7,5 with 
5 ml* CDNB as a substrain in the presence ot 2 mM GSH The inhibition studies were performed by 
preincu baling the enzyme with inhibitor tor 5 minutes at 25°C prior to the addition ot substrates 
Experimental details are outlined under Melhods The specific activities (umol CDNB/min/mg protein) ot 
the GST enzymes were . cytosolic GST, 0.75 ±0.06 ; aft Inity purified GST, 6.9 ±1 . 1 . Values represent the 
means ot three determinations which were wilhm 5%. N D. (nol determined), bilirubin failed to reduce 
the cytosolic GST activity by 50% al the highest concentration assayed (100 \M). 



Table2. Differences in cytosolic GST activity, cytosolic GST-mediated protection against BPDE-DNA 
binding in vitro and BaP-macromalecular binding in vivo in obstructed and surrounding liver in White 
suckers 



Liver Region 



II 
II 
I 
I 
I 
I 





N 


Obstructed 


N 


Surrounding 


GST activity (CDNB| a 


B 


.25 ±0.08° 


1 


0.55±0.08 


BaP-macromolecular binding 
in vitro 

BPDE-DNA 

in y'm 6 

BaP-protein 


6 
4 


20.6 ±1.6 
7.6 ±3.0' 




■1 


16.4 ±1.3 

4.6 ±19 


BaP-DNA 


4 


0.24 ±0.1 


•i 


0,25 ±0.2 



Values expressed as Limoles CDNB'mirVmg protein represent the mean ±SE of 3 determinations. 

Values, expressed as pmoles 3 H-BPDE bounoVmg DNA/8 min. 3 HBPDE was incubated in the 
presence of 2 mg caff thymus DNA, NADPH (2mM).GSH (2 5 mM ) and 1 .6 mg cytosolic prolein (from 
obstructed or surrounding liver). Values represent ihe mean tSE ot two determinations. 

Values are expressed as f moles BaP bounoVmg protein or DNA and represent the mean ± SE of 4 
determinations. Suckers, with obstructions visible on laparotomy, were orally administered 5 (iCi 3 H-BaP 
(56 Ci/mmol). Livers were sampled al 24h, DNA and prolein were isolafed and quantified and BaP- 
derived radioaclivity was measured by liquid scintillation counting 

Statistically different from cylosol from surrounding liver (pso .05) 

'Statistically different from protein adducls in surrounding liver (p£0.05) 
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Fig. 1 . Severity ol lesions and numbers ol parasites in inllammatory liver disease in 
white suckers from various siles in the Great Lakes. Histological sections (Sum) ol Bver 
Irom white suckers from Lake Ontario (Humber R., N»4e and Ganaraska R.. n»40) and 
Lake Huron (South Bay, Lake Huron. N-47 and Spanish R., N-46) in the Great Lakes 
were slalned with B&E and were examined for the presence of inllammatory lesions ol 
cholangiohepatitis or cholangiofibrosis. Lesions were graded on a scale of lo 4 (5: no 
visible lesions. 1 : mild: 2: moderate; 3: marked; 4. severe) and Ihe number of parasfles 
visible per section was also noted. Because parasites were rarely encountered, the 
numbers collectively represent llukes (Diginea. Sanguinicolaf, nematodes (Spiturkla; 
AaiatiokSea), and protozoa (Myxozoa: Uyxosporea). , all ol which were present in some 
fish from all sites. 



Figure 2. Hepatic Cytosolic Glutathione S-transterase 
Activity in Various Fish Species 
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Figure 3: DMA Binding by B[a]P-7,e-diOl-9.10-epoxide (BPDE) 

and B[a]P-4,5-oxide in the Presence o< GSH and Dialysed Liver 

Cytosol from Vanous Fish Species 



BPDE 
Bia}P-4,5-oxide 



II 
II 




THE SIGNIFICANCE OF METABOLIC CHANGES IN EASTERN WHITE PINE SEEDLINGS 
FOR EARLY DIAGNOSIS OF FLUORIDE INJURY. J.J. Zwiazek and K.J. Rakowski. 
Department of Forest Science, University of Alberta, Edmonton, Alberta T6G 2H1. 

ABSTRACT 

Eastern white pine (Pinus strobus L.) seedlings were treated with O.S, 1 and 2 ppb 
hydrogen fluoride for 1, 7 and 30 days and seedling water relations, plasma membrane 
structure and ceil ultrastructure were studied to detect early metabolic changes leading to 
needle injury. First visible signs of fluoride injury appeared on needles after 20 days in 0.5 
ppb, 9 days in 1 ppb and S days in 2 ppb treatments. Hydrogen fluoride reduced seedling 
transpiration rates after only 1 day of treatment with all three fluoride levels. At that time 
tissue fluoride concentrations were similar to those in control plants. Reduced transpiration 
rates resulted in higher (less negative) water potentials and seedling water contents. 
However, despite high water potentials membrane leakiness was observed in plants treated 
with 2 ppb fluoride for 1 day. Plasma membranes isolated from fluoride treated plants 
showed a number of alterations in chemical composition compared with control seedlings 
including changes in sterol content and ATPase activity. Few ultrastructure changes could 
be observed on the electron microscopy level. The results of this study strongly implicate 
plasma membrane in the development of fluoride injury. 

INTRODUCTION 

Fluoride is a common environmental pollutant released during various industrial 
processes. However, the assessment of vegetation damage caused by fluoride is difficult. 
Visible and metabolic fluoride injury symptoms are often easily confused with the 
symptoms occurring as a result of drought and other environmental conditions as well as 
the pathogens. Secondly, vegetation damage can occur in the absence of visible fluoride 
injury (Treshow et ai. 1967, MacLean et al. 1977). Measurements of fluoride tissue levels 
also poorly reflect fluoride damage because effects on metabolic processes and cell structure 
could exist before measurable fluoride accumulation. 

The present study investigated the effects of low doses of hydrogen fluoride 
treatment on water relations and plasma membrane structure and composition in needles 
of eastern white pine seedlings. The main objective of this study was to examine the 
significance of metabolic changes in plants exposed to hydrogen fluoride for early detection 
of fluoride injury. 



MATERIALS AND METHODS 



Experimental condit ions 



Nine-week -old eastern white pine seedlings were treated with hydrogen fluoride in 
plexiglass fumigation chambers which were placed in cam rolled environment growth 
cabinets, Fluoride treatments included 0.5, 1.0, and 2.0 ppb hydrogen fluoride for 1,2, 7, 
8, and 29 days. The following conditions were maintained in the fumigation chambers 
during the experiments: day/night temperatures, 22/1 5"C; relative humidity, 88%; 18 h 
photoperiod. 

Measuremi 'nis ut water relations, membrane leakiness and fluoride content 

Transpiration rates were measured inside the growth chambers using Ll-1600 (Li- 
Cor, Lincoln, Nebrasca, U.S.A) steady state porometer (n=8). 

Water potentials were measured in shoots (n = 8) using a pressure chamber 
technique (Scholander et al. 1965). 

Water content (n=>8) was estimated by weighing needles before and after drying 
them in an oven at 85"C for 24 hours. 

Fluoride content (n=4) was measured using an alkali fusion -selective ion electrode 
technique of McQuaker and Gumey (1977). 

Electrolyte leakage from needles was determined by measuring electrical 
conductance of a cell effusate as described by Zwiazek and Shay (1988). Needles (7 
needles per sample, n=5) were briefly washed, placed in test tubes containing deionized 
water, cut into segments and incubated at 21°C. After 1 h, the solutions were replaced with 
5 ml of fresh deionized water and the incubation continued for 5 h. Electrical conductance 
of the effusatcs was measured with Mdl C33 conductivity meter (Fisher). After the 
measurements, the needles were frozen and stored overnight in a freezer at -15°C. The 
following day the needles were again incubated for 5 h and the electrical conductances of 
cell effusates were measured to determine the total needle electrolyte content. 

membrane isolation 

Fresh needles (20 g) were homogenized with 100 ml of the extraction medium 
containing 1% PVF and 0.16 ml mercaptoethanol in 0.75 M Tris-acetate buffer at pH 7.0. 
The homogenate was filtered through 4 layers of cheesecloth, and centrifuged at 600 g for 
15 min. The pellet was discarded and the supernatant was centrifuged at 70 000 g for 1 
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h. The pellet obtained as a result of this centrifugation was resuspended in 5 ml of a 
medium containing 0.5 M sucrose and 10 mM sodium phosphate (pH 7.8) and used for 
phase partitioning against 3350 polyethylene glycol and dextran 500. Phase partitioning 
was carried out according to Hellergren et al.(1983). 

Plasma membrane lipid analysis 

Lipids from the plasma membranes were extracted with acetone:ethanol (1:1, v:v) 
followed by chloroform'.methanol (2:1 , v:v) and chloroform. All solvents were evaporated 
and lipids resuspended in a small volume of chloroform and applied to a silicic acid column 
(0.5 x S cm, 100-200 mesh, Sigma Chemical Co., St. Louis, MO, U.S.A.). The lipids were 
separated into different polarity classes by washing the column with 10 column volumes 
of chloroform, followed by 40 volumes of acetone, 10 volumes of chloroform: methanol 
(1:1, v:v) and 10 volumes of methanol. The chloroform fraction contained sterols, the 
acetone fraction contained mostly galactolipids, and the chtoroform:methanol and methanol 
fractions contained phospholipids. 

For sterol analysis, internal standard (cholestane) was added to the chloroform 
fraction and chloroform was evaporated under nitrogen. Sterols were dissolved in 0-5 ml 
pyridine and derivatized by adding 0,1 ml irimeihylchlorosilane followed by 0.2 ml 
hexamethyldisilazane. Derivatized samples were injected into a Hewlett Packard 5890 gas 
chromatograph equipped with a 30-m-Iong, 0.25-mm internal diameter DB-5 column ( J&W 
Scientific Folsom, CA, U.S.A. Conditions of the analyses were: carrier gas (helium) flow, 
20 ml min'; oven temperature, 285"C; detector and injector temperatures 300 C C. Sterols 
were identified by cochromatography with standards obtained from Sigma and on the basis 
of their mass spectra after GC-MS analysis of the samples. 

The fractions containing phospholipids and known amounts of internal standard 
(phosphatidylcholine diheptadecanoyl) were combined, the solvents were evaporated under 
nitrogen and phospholipids suspended in 0.5 ml chloroform. Fatty acids of the 
phospholipids were transestrified prepared using 0.5 M sodium methoxide. Fatty acid 
methyl esters were analyzed using a Hevlett Packard 5890 gas chromatograph equipped 
with a 30-m long, 0.25-mm internal diameter DB-225 column. Conditions of the analyses 
were: carrier gas (helium) flow, 15 ml min' 1 ; oven temperature, 200°C; detector and 
injector temperatures 250°C. The identification of phospholipids was confirmed by 
cochromatography with authentic standards. 



Measurements of plasma membrane ATPase activity 

ATPase activity was determined in a reaction medium consisting of 10-20 ug 
membrane protein, 3 mM ATP, 4 mM MgS0 4 , 50 mM KN0„ I mM sodium azide, 0.1 mM 
sodium molybdate, 50 mM MES-Tris (pH 6.5), 0.25 M sucrose, 0.1 mM EDTA, 1 mM DTT, 
0.05% Triton X 100, and 0.5 mM orthovanadate. Orthovanadate was stored as 5 mM 
vanadate solution and prepared by dissolving V 2 O s in 20 uM NaOH at pH 1 1 .8 (Gallagher 
and Leonard 1982). The reaction was carried out at 38°C and stopped after 30 min by 
addition 1 ml ascorbate/molybdate solution [3% (w/v) ascorbic acid, 1% (w/v) sodium 
dodecyl sulfate (SDS), 0.5 M HC1 mixed 15 min before use with freshly made 8% (w/v) 
ammonium heplamolybdate in a ratio of 10:1)]. Released inorganic phosphorus (P;) was 
estimated using the method described by Widell and Larsson (1990). In addition, the 
inhibitors of acid phosphatase (0.1 mM sodium molybdate), mitochondrial and chloroplast 
ATPase (1 mM sodium azide), vacuolar ATPase (25 mM NaNO,) and plasma membrane 
ATPase (50 mM sodium vanadate) were added as required in order to determine the purity 
of the plasma membrane fraction and inhibit non -plasma membrane ATPases. The protein 
content of the plasma membranes was estimated by a modified micro-Lowry method 
(Peterson 1977) using bovine serum albumin as a standard. 

RESULTS 

Fluoride content and waier relations 

Hydrogen fluoride fumigation with 0.5, 1.0, and 2.0 ppb resulted in an increase of 
tissue fluoride content after 7 and 23 days. After 2 days fluoride content was similar to 
those in control plants (Fig, la). First visible signs of fluoride injury appeared on needles 
of some seedlings after 20 days in 0.5 ppb, 9 days in 1.0 ppb and 5 days in 2.0 ppb 
treatments. 

Low (0.5 ppb) and high (2 ppb) hydrogen fluoride levels resulted in a decrease in 
seedling transpiration rates after only 1 day of treatment (Fig. lb). 

Water potentials in fluoride treated seedlings remained higher (less negative) than 
those in control seedlings after 7 and 29 days (Fig.lc) 

Water content increased as a result of fluoride fumigation. This was particularly 
noticeable after 7 and 29 days in plants treated with 0.5 ppb and 1 .0 ppb fluoride. 
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Flg.1. Effects of hydrogen fluoride on 
(A) fluoride content, (B) transpiration rates, 
(C) water potentials, (D) water content and 
<E) electrolyte leakage in eastern while pine 
seedlings. 
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Table 1. Effect of hydrogen fluoride on lipid composition in 

plasma membranes from eastern white pine needles (two- 
day exposure) 



Treatment Sterols Phospholipids sterols/Phospholipids 
[ug mg Protein" 1 ] [ug rag Protein'] [weight ratio] 

Control 39 ~~ SO 0.78 



0.S ppb 183 50 3-66 



2.0 ppb 150 42 



Effect of fluoride on membrane function and composition 

Hydrogen fluoride treatment resulted in an increased release of electrolytes (Fig.le). 
After 2 days in 2.0 ppb treated plants electrolyte leakage was about 50% higher compared 
with control. After 8 days electrolyte leakage was also higher in 0.5 and 2.0 ppb treated 
plants. Almost full recovery was observed in plants treated for 29 days (Fig.Ve). 

HF fumigation for 2 days increased the content of sterols and had little effect on the 
content of phospholipids in the plasma membranes of plants treated with 0.5 and 2.0 ppb 
levels (Table 1). This resulted in higher sterols/phospholipids ratios in HF treated plants. 

Plasma membrane ATPase activity was strongly inhibited by 0.5 and 2.0 ppb 
treatments and it measured 31.1 and 8.0 nm P mg" 1 protein min"' in plants treated for 29 
days compared with 99.3 nm P mg' 1 protein min' 1 in control seedlings. 

Electron microscopy 

For electron microscopy needles of plants without visible signs of injury (treated 
with 0.5, 1.0 and 2.0 ppb fluoride levels after 1, 7 and 30 days of HF fumigation) were 
used. There were no detectable changes in the ulirastructure of mesophyll cells which could 
be attributed to fluoride. 



DISCUSSION 

Fluoride affects plants at the metabolic level even in the absence of visible injuries 
(Treshow et al. 1967; MacLean et al. 1977). In this study numerous physiological and 
biochemical changes could be observed long before the appearance of necrotic lesions on 
leaves and before any ultrastructure changes could be detectable. In previous studies 
(Zwiazek and Shay 1987, 1988), sodium fluoride applied to the soil resulted in a severe 
water stress in jack pine seedlings. Therefore, an the metabolic level the effects of water 
stress could not be easily separated from a direct effect of fluoride. The results of the 
present study show that gaseous hydrogen fluoride did not cause water stress in eastern 
white pine seedlings. An early effect of fluoride was seen as stomatal closure an drastic 
inhibition of transpiration rates in those seedlings which had tissue fluoride levels similar 
to control plants. Another early effect of fluoride was an increase in membrane 
permeability measured as electrolyte leakage. The analysis of plasma membranes showed 
a drastic increase in sterol to phospholipid ratios in fluoride treated plants. This increase 
may constitute an important factor affecting membrane ATPase activity and result in 
membrane leakiness. Plasma membrane composition and ATPase activity may be useful in 
determining early fluoride effects on plants. Future studies will examine the ability of 
plants to recover after fluoride treatments and restore normal metabolic activity. 
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Interactions of Polycyclic Aromatic Hydrocarbons with Higher Plants: Photoinduced 
Toxicity and Development of a Phytotoxicity Assay 

Bruce M. Greenberg, D. George Dixon and X.-D. Huang, Department of Biology, 
University of Waterloo, Waterloo. ONT N2L 3G1 

Key words: PAH, phytotoxicology, duck weed, UV g , ozone depletion, photoinduced 
toxicity. 

Summary Polycyclic aromatic hydrocarbons (PAHs) are a prevalent group of 
toxic and mutagenic environmental contaminants. Light increases PAH impacts 
through phofosensitization reactions (e.g. generation of singlet oxygen) and. as 
we have found, by oxidation of the chemicals. To examine the modes of PAH 
action in solar radiation and the degree of involvement of the photomodified 
compounds, the photoinduced toxicity of six representative PAHs (anthracene, 
phenanthrene, benzo(a)pyrene, fluoranthene, pyrene and naphthalene) to the 
aquatic higher plant Lemna gibba L. Q-3 is being investigated. Toxicity endpoints 
were inhibition of growth, chlorosis and photosynthesis. The UV portion of solar 
radiation was most active at inducing toxicity. The toxicity of all six chemicals 
was dependent both on chemical dose and light intensity. To specifically explore 
whether photomodified PAHs contribute to toxic action, the chemicals were 
irradiated prior to application to the plants. The rates of photooxidation of the six 
PAHs were rapid on an environmental time scale and the relative velocities for 
four of the chemicals were coincident with their order of toxic strength. 
Strikingly, all the PAH photoproducts were much more toxic to Lemna than the 
parent compounds. It is thus apparent that photooxidized PAHs are of 
environmental concern. Since current environmental loads of PAHs are based 
entirely on the intact chemicals, the severity of the PAH impacts are very likely 
to be underestimated. In general, our research shows that the impact of light must 
be considered in cases where a given pollutant absorbs solar radiation. 

Introduction Polycyclic aromatic hydrocarbons (PAHs), compounds consisting of two 
or more fused benzene rings, are ubiquitously detected throughout the environment (1-3). They 
are contaminants of concern in aquatic ecosystems around many industrialized areas (4-7). Being 
lipophilic (2, 3), PAHs readily accumulate in living organisms. 

PAHs are prone to structural transformation, generally via oxidation to quinones, diols 
and epoxides (2, 7, 8). These reactions occur both biotically (e.g. cytochrome P450 mediated 
monooxygenation) (9-11) or abiotically (e.g. photooxidation) (8, 12-14), Although intact PAHs 
are known to be toxic and mutagenic, the risks of the chemicals are intensified if they have been 
altered at the structural level (1, 2, 8-11, 14), A considerable amount of research has focused 
on the hazards of PAHs oxidized by cytochrome P450 (9- 1 1 ) , however much less work has been 
performed on light activation of PAHs. While it has been shown that light increases PAH 
toxicity when the light and the chemicals are present simultaneously (14-17), the toxicity of 
photooxidized PAHs per se is relatively unexplored. Since PAHs arc prone to rapid 
photooxidation (7, 8, 12-14), the modified compounds, if toxic, will contribute significantly to 
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environmental hazards. 

We have been examining how PAHs affect plants in solar radiation with a direction 
towards elucidating the activity of the photooxidized compounds. In this report, a summary of 
our work on the photoinduced phytotoxicity of anthracene (A), benzo(a)pyrene (B), phenanthrene 
(P). fluoramhene (F), pyrene (Py) and naphthalene (N) is provided. It is shown that 
environmentally relevant levels of PAHs are toxic to the aquatic higher plant Lemna gibba in 
the presence of actinic irradiation (see also 14, 20, 20a). Furthermore, the photooxidized PAHs 
are more toxic to plants than the intact chemicals. 

Toxicity in(act PAHs lo plants A, P and B were selected for the first series of in- 
depth phytotoxicity testing because, respectively, they show high, medium and low levels of 
photoinduced toxic activity towards plants in simulated solar radiation (SSR, a visible: UV A :UV S 
ratio of 100; 10; 1) (Table 1). A and P displayed typical log-linear responses for chemical dose 
versus inhibition of growth (20a). The threshold of impact for A was 0.2 /jg ml ', and acute 
toxicity was delected at 1 fig ml ', while P began to show chronic effects at 0.5 ng ml' 1 and 
acute toxicity at 3 jig ml '. Conversely, B only slightly inhibited plant growth, even at very high 
concentrations (4-8 fig ml'). We conclude that both chemical concentration and structure play 
important roles in PAH photoinduced toxicity lo plants. Interestingly, B is highly phototoxic to 
animals, while P is relatively inert (15, 16). Therefore, plants and animals have divergent 
responses lo various PAHs in the presence of actinic radiation, showing thai care musl be used 
with cross species generalizations. 

Table 1 

Compilation of some phytotoxicity properties of PAHs. 
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Data for A, B and P is from ref. 20a. 
Chemicals were placed in ihe growth medium at 2 tL% ml l . 

: lnhinilion of growth m simulated solar radiation (SSR) at a total finance rale of 40 pmol m ' s \ 
'U V„ content of the SSR source was elevated to 4 % of the visible light intensity . 
'Malf-lives of the chemicals in 25 firm] m' s' 1 of UVj irraduiion- 
'Perceni inhihition of photosynthesis after incubation of the plants with the chemicals for 2 d in SSR. 

The phytotoxicity of N, Py and F in SSR was also investigated. They were chosen 
because N is the smallest PAH, Py has a 4 ring structure and fluoranthene contains a 5 carbon 
ring. Py and F were found to have low levels of toxicity compared to A and P, while intact N 
had almost no photoinduced toxicity towards Lemna (Table 1). We point out, however, that N 



is the most volatile of the PAHs and could be depleted from the media rather rapidly. We are 
currently performing experiments to control for this problem. At this stage of our progress, the 
order of photoinduced phytotoxicity for the six PAHs in intact form isA>P>Py>F> 
B > N. 

Effects of light quantity and quality on PAH toxicity Since light increases PAH 

phytotoxicity, it is important to determine if irradiation elevates toxicity in a dose dependent 
manner and which regions of the spectrum are most influential in the process. When the SSR 
fluence rate was increased from 20 ^mol m J s"' to 60 ^mo! m' ! s 1 , the toxicity of A, B and P 
to Lemna rose in proportion to intensity (20a). Note, 60 jimol m' ! s"' is less than 5% of full 
sunlight (21), so there is more than enough light in the environment to activate PAHs. At 60 
f4mol nv 3 s ' of visible light (see below), plant growth was unaffected by any of the chemicals. 
This indicates that the UV component of solar radiation plays a key role in photoinduced toxicity 
of PAHs. 

Since UV strongly influences PAH phytotoxicity, it was important to assess how an 
increase in UV„ (the region of the spectrum attenuated by the stratospheric ozone layer [18, 21J) 
specifically affects toxicity. The UV„ fluence rate in the SSR source was raised from 1 % to 2% 
and to 4% of visible light while holding the levels of UV A and visible constant (this represents 
up to a 30 % loss of the stratospheric ozone layer). The impacts of A, P and B were enhanced 
by the increased UV B content (Table 1). Thus, as loss of the ozone layer continues (18), the 
effects of UV B on PAH toxicity could become more prevalent. 

Although visible light does not activate PAH phytotoxicity at low fluence rates, at higher 
intensities it can induce the toxicity of A and B to Lemna (20a). The impacts were proportional 
to the light intensity. The phytotoxicity of P was not influenced by the intensities of visible light 
tested. This has interesting implications because P does not absorb UV, or visible light, while 
A and B weakly absorb in the short wavelength visible range. Thus, as the visible light intensity 
was raised the toxicity of A and B became more apparent. So, UV irradiation is not strict 
requirement for phytotoxicity, but it appears that photon absorbance by the chemical is 
necessary. 

Pbotomodiflcation of PAHs The photoinduced toxicity of PAHs is probably derived 
from a combination of two factors. PAHs are photosensitizers (15. 16), and in this capacity they 
might generate damaging singlet oxygen (19). Secondly, the compounds are prone to 
photooxidalion (7, 13) and oxygenated PAHs (e.g. generated by cytochrome P450) are more 
toxic than the intact chemicals (2, 9-11). However, the toxic action of photomodified PAHs 
specifically is largely unexplored. 

To determine if A, P and B are photooxidized rapidly enough to explain some of their 
phytotoxicity, the kinetics of chemical degradation in UV„ and SSR were measured, it was found 
that under 25 jimol m 1 s' 1 of UV„, the half-lives of the three PAHs were very short on an 
environmental time scale (2, 7 and 40 h for A, P and B, respectively) (Table 1). When SSR 
was used to induce photooxidalion, the rates of the degradation of the chemicals were slower due 
to the lower UV intensity, but were nonetheless fast (half-lives of 5, 20, and 72 h for A, P and 
B, respectively). The order of toxic strength (A > P > B) correlates with the relative rates of 
photooxidalion, showing that photooxidation might be one of the rate limiting factors in PAH 
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activity. 

To determine if F. Py and N were also photomodified quickly enough to explain some 
of their toxic activity, they were exposed to UV B for various time periods. Indeed, the three 
chemicals were rapidly degraded in UV radiation, showing this property is a very common trait 
for PAHs. Interestingly, the rates of photooxidation of F and Py are slower Ulan A and P and 
are they are also less toxic, consistent with our hypothesis that the photooxidation rate of the 
chemicals is one of the factors controlling their phytotoxicity. We are currently testing the 
toxicity of photooxidized F, Py and N. 

Toxicity of photoniodificd PAHs to plants Since the photomodification rates of A, 
P and B were coincident with the toxic strength of the chemicals, one could assume that the 
chemicals were activated upon photomodification. It was thus important to assess the toxic 
impacts of the photooxidized PAHs specifically. As a first step towards this end, PAHs were 
treated with actinic radiation for periods that assured extensive photomodification ( < 15% parent 
compound remaining). In visible light, chronic effects (growth inhibition) for the chemicals were 
observed at 0.2 jig ml ' and acute levels at around 2 p.% ml ' (20a). Thus, photomodification of 
PAHs renders all three compounds to a highly toxic state in visible light. It is noteworthy that 
photooxidized A and P do not absorb visible light, so they are in a form that no longer requires 
actinic radiation for acute phytotoxicity. 

The altered chemicals were more toxic in SSR than they were in visible light. The 
threshold for growth inhibition of ihe plants was very low (0.05 to 0.1 ng ml') (20a) and acute 
toxicity was observed at I to 2 jig ml"' (Table I). In both visible light and SSR, oxidized B, 
which had little toxic activity prior to photomodification, reached a level of impact similar to 
modified A and P. This shows that a significant portion of the phytotoxic action of B can be 
attributed to the photooxidized chemicals. It is clear that the altered chemicals are more 
phytotoxic (with or without actinic radiation) than the parent compounds were in actinic light. 
This is reminiscent of the increase in PAH toxicity and mutagenicity that is caused by 
cytochrome P450 oxidation (9-11). So, what has been assumed to be a possible PAH removal 
process (photodegradalion) (3), may in fact be an activating mechanism. 

The data also indicated that photosensitization reactions also contribute to pholoinduced 
phytotoxicity. For example, intact F is more toxic than intact B. Yet B has a faster rate of 
photooxidation than F. Therefore, the toxicity of F cannot be due only to the photooxidized form 
of the chemical. Interestingly, F has an extremely long triplet state lifetime (1 sec), while B only 
has a 0. 1 s triplet stale lifetime (15, 16). Thus, F has the potential to be a better photosensitizer 
than B (more time to react with oxygen), which may explain its higher level of toxicity when 
applied in intact form. 

The levels of impacts of PAHs in SSR show that they are very strong phytotoxicants. For 
example, the concentrations of photooxidized PAHs required for considerable growth inhibition 
(0.1 to 1 jjg ml" 1 or about 0.5 to 5 nM) are on par with the effective dose ranges of many 
herbicides (see refs. 26, 27). Moreover, the effective concentrations of PAHs are relevant to 
their loads in the environment. The levels in aquatic environments around many industrialized 
environments range from 0.01 to 0.5 ^g ml" ! (4-7). It must be emphasized, however, thai 
environmental PAH loads are based solely on the intact chemicals, and it is the PAHs with the 
slowest photooxidation rales that are detected most commonly in the environment (cf. 4, 5, 7, 



13, 22-25). Furthermore, the low solubility of PAHs in water and their tendency to partition into 
the sediment has brought the impacts of PAHs in aquatic environments into question. However, 
photooxidized PAHs are more water soluble than the parent compounds. Additionally, as the 
solubiiszed PAHs are consumed photochemical^, the sediment/water equilibrium will be 
disturbed, allowing release of the bound chemicals. While this may not be a fast process, 
environmental time scales are quite long. Thus, the toads and impacts of photomodified PAHs 
in the environment could be quite important. 

Effects of PAHs on Photosynthesis A common mode of action of phytotoxicants and 
herbicides is inhibition of photosynthesis (27). PAHs are no exception, as derivatives of 
anthraquinone (oxidized anthracene) have been shown to inhibit photosystem H (28). We tested 
the six PAHs under study for their ability to inhibit photosynthesis. When they were applied in 
intact form to the plants, significant inhibition of photosynthesis (50 to 75 %) was observed for 
A and N (Table 1), Possibly, they inhibited photosynthesis after they have been photooxidized 
into the quinone species. Derivatives of anthraquinone and naphthaquinone could be site specific 
analogues for plastoquinone; the terminal electron acceptor of photosystem II. 

We have also tested the photooxidized PAHs for their ability to inhibit photosynthesis. 
In this case the photo-derivatives of A and P caused severe and immediate inhibition (75 to 100 
%), with oxidized N and F showing lower levels of impact (25 % inhibition). Thus, one does 
observe that some PAHs (probably in photooxidized form) can affect photosynthesis, pointing 
to one mechanism of action. However, it is not the only mechanism of phototoxicity, as 
photooxidized B interrupts plant growth without major effects on photosynthesis. Thus, the 
photosynthesis assay not only provides a rapid assay for certain PAHs, but provides some insight 
into the toxicity mechanism. 

Conclusions We have found that PAHs are toxic to plants in SSR and UV radiation 
is the key spectral region for induction of toxicity. Both chemical concentration and light 
intensity contribute significantly to PAH toxicity. The rate of photooxidation of the chemicals 
is fast enough to account for a large fraction of their toxicity, and correlations between the rate 
of photooxidation and toxic strength can be made. Moreover, photooxidized PAHs are more 
toxic to plants than the parent compounds. Thus, it is clear that the phoiodegradation products 
of PAHs should be included in environmental toad surveys if we are to have an accurate 
assessment of the threat these compounds pose to the environment. 
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INTRODUCTION 

It is now possible to detect and quantify the induction of 
mutations and chromosoraal aberrations in lung fibroblasts of 
some experimental animals. Since it is just these events that 
are critical in the induction of cancers, knowledge of the 
number and types of mutations should provide a means for 
assessing the long terra cancer risk from exposure of people to 
environmental pollutants, particularly inhaled pollutants. 
Such long term effects are of great concern because they are 
difficult to quantify and to investigate epidemiologically , 
given the long lag and the diversity of modifying factors such 
as cigarette smoke and diet that may exist. It is our 
hypothesis that if the number and kinds of mutations that any 
agent produces were known, the target tissues for the 
carcinogen could be accurately predicted. Furthermore, under 
conditions in which the promoting effects and protecting 
effects of other environmental agents were controlled, the 
potency of the carcinogen should also be predictable. If, for 
example, it were known that the critical mutational event in 
small cell carcinoma is a G -> C transversion in codon 12 of 
the H-ras oncogene followed by the deletion of an anti- 
oncogene on the long arm of chromosome 5 , then the potency of 
the carcinogen would be proportional to the product of the 
probabilities of these two events. 

This hypothesis provides a framework for understanding the 
complex relationship between mutagenic and carcinogenic 
potency and for explaining tissue-specificity of carcinogens 
(in part). It does not imply that there are no other factors 
of importance. In particular promotion, which may involve the 
probability of cells dividing after having been mutated, is 
thought to be a distinct process involving non-genetic events. 
Hence in a real situation the presence or absence of promoters 
would influence the cancer rate induced by a given mutagenic 
exposure. Nevertheless, the converse should also hold: in a 
given environwent of promoters, the cancer rate would be 
proportional to the rate of mutation. Hence Measurements of 
the rate of mutation in vivo are important and, in particular, 
the rate of specific kinds of mutational events. It should be 



noted that in vitro assays which do not reflect the in V1VP 
situation, ie., the uptake, distribution, metabolism, and 
excretion, are not very suitable for risk evaluation but are 
more qualitative in nature. The assay results described here 
are a step to providing quantitative risk estimates. 
Considerable experience with the assay is summarized, the 
limitations of the assay are noted, and the work now in 
progress to characterize the nature of the mutational events 
is outlined. 



NATURE OF THE ASSAY 

The assay we have been using we call the Concurrent Assay 
because both chromosomal aberrations and intragenic mutations 
are assayed in the same cells (Heddle et al., 1990). The 
cells chosen for this assay are the lung fibroblasts because 
they are among the few cells that can be assayed for somatic 
mutation in vivo (Dean & Senner, 1976). Chromosomal 
aberrations are analyzed by the micronucleus technique (cf 
Heddle et al., 1983 or Heddle, 1990, for review). In this 
method the fact that the chromosomes were broken is detected 
by the presence of micronuclei which arise from chromosome 
fragments lost during the process of cell division. The 
number of micronuclei is determined by both the rate of 
chromosome breakage and of cell division, but the latter can 
be eliminated from the equation by the use of a drug, 
cytochalasin B (Fenech & Morley, 1986). This drug permits 
nuclear division, and thus the formation of micronuclei, but 
prevents cytoplasmic division. The result is that all cells 
that divide in its presence become binucleate; when only 
binucleated cells are scored, the influence of cell division 
is removed. Then the frequency of micronuclei in binucleated 
cells is a direct measure of the frequency of chromosomal 
aberrations. It does not, however, distinguish amongst those 
aberrations that are play an important role in carcinogenesis 
and those that do not. This would require a metaphase 
analysis, which is certainly possible for these cells. Such 
an analysis, like the micronucleus analysis, would be 
conducted on cells that had been exposed in vivo, isolated, 
and cultured for the analysis in vitro . The fibroblasts are 
facultative stem cells which do not divide at an appreciable 
rate in vivo unless the lung has been injured. 

The detection and measurement of gene mutation in these cells 
is also conducted in vitro after exposure in VJVP- Mutants 
are distinguished from normal cells by the use of the drug 6- 
thioguanine which is metabolized to a toxic substance by a 
non-essential enzyme. Cells that lack this enzyme, 
hypoxanthine phosphoribosyl transferase, are resistant to the 
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drug whereas normal cells metabolize the drug and are thus 
killed. The genetic locus (hpt) that codes for the enzyme is 
x-linked in mammals and, thus is present in only one 
functional copy in both males and femalee. Cells that are 
Apt" have a thioguanine-resistant phenotype, TG*. Whan the 
lung fibroblasts are cloned in the presence of thioguanine, 
only the TG* cells can form colonies. The frequency of such 
colonies is thus a measure of the frequency of hpf mutants. 
This frequency must be corrected for the fraction of cells 
that can form colonies even in the absence of thioguanine, 
ie. , for the plating efficiency of the cells which is 
typically 5-201 for the lung fibroblasts. 

Like the micronucleus assay, the TG' assay provides an index 
of the overall rate of mutation but does not discriminate 
between those that play a significant role in the formation of 
cancers in the tissue of interest and those that do not. It 
is possible, however, by investigating the nature of the TG r 
mutations found to determine what fraction involve any 
particular type of mutation. The frequency of mutations of 
interest will be the measurement of importance for 
quantitative risk estination. 



RESULTS OBTAINED WITH THE ASSAY 

Spontaneous Mutations. Spontaneous mutation can occur at any 
time during the development of the lung fibroblast population 
or during the expression time in culture (cf next paragraph). 
A mutation that arises early in development will be present in 
many of the lung fibroblasts whereas one that arises late or 
even in culture will affect only one or a few cells. If the 
rate of spontaneous mutation is constant during development, 
then half of the mutations will affect only one cell, one 
quarter will affect two cells, one eight will affect four 
cells, and so on. Occasionally an early mutation will affect 
many cells, an event that is referred to as a "jackpot". Such 
jackpots have been detected (Heddle et al., in the press). 
Since not all of the cells of the lung are successfully 
isolated and cloned, the number of mutant colonies observed 
does not conform perfectly to the theoretical distribution. 
Micronuclei are cell lethal events and so all are recent. 
Their distribution is more or less normal. 

Expression Time. Some time and/or cell division is required 
before the cell expresses the mutant phenotype, ie. , becomes 
TG*. Some of this is probably required for the loss of pre- 
existing gene product (mRNA or normal protein); some may be 
involved in the process of converting DNA lesions into 
mutations, a process that may require cell division. In any 



case an investigation of the frequency of mutant colonies at 
various time in vitro (but induced by an in vivo exposure) 
shows that 10 days is optimal for ethyl nitroso urea (EHU). 
This has been adopted as the standard time. A similar 
investigation for micronuclei shows that four days is optimal 
for X-rays and EHU. This has been adopted as the standard 
time. 

Survival of Mutations in vivo . Two investigations of the 

frequency of mutations recovered at various times after 
exposure in vivo indicate that there is little loss of X-ray- 
induced mutants over a one month period whereas the frequency 
of ENU-induced mutants declines in an exponential-like fashion 
over a period of three months (Khan, Heddle, and Gingerich, 
unpublished results). The probable explanation for this 
difference is that the X-ray-induced nutations were fixed soon 
after exposure whereas the ENU-induced mutations arose in 
vitro during the process of DNA synthesis from lesions induced 
in vivo . This has very important implications for the 
interpretation of assay results, as discussed later. 

Gaseous Mutagens. A series of gaseous mutagens have been 
tested in the assay, ethylene oxide, ethylene dibromide, 
methylene dichloride, and PAN (Shepson, Heddle, and Gingerich, 
unpublished results). Clear positive results were obtained 
with ethylene dibromide, but not with the other agents. 



DISCUSSION 

The results obtained show that the concurrent assay can be 
used in a routine fashion, but that it has some limitations. 
The first limitation, which may apply to any gene mutation 
assay in vivo , is that jackpots of mutations do occur. In any 
given experiment, therefore, a high mutant frequency in 
treated group could arise from a spontaneous jackpot unrelated 
to treatment. The solution to this problem is to require 
biological consistency. The jackpots will arise at random: 
they will rarely rise in two animals within the same treatment 
group, in a dose-related fashion, or fti repeat experiments. 

The second limitation is suggested by the decline in the 
number of ENU-induced mutations as a function of time in vivo . 
The fibroblasts are not ordinarily an actively proliferating 
cell population in vivo so there should be little or no 
selection against mutant cells so no decline was expected. 
Indeed, none was seen for X-rays. The X-ray-induced lesions 
are probably short-lived lesions that do not require DNA 
synthesis to be mutagenic. After X-ray treatment, the lesions 
are quickly repaired (and thus lost to detection) or converted 



to mutations which survive for long periods and are thus 
detected at any tine after exposure. In contrast, other 
lesions do require DNA synthesis to be mutagenic and there is 
little or no opportunity for them to affect this population in 
vivo . Only when the cells are isolated and stimulated to 
divide in vitro do the pre-mutagenic lesions become important 
and the mutation arise. Thus if a carcinogen produced pre- 
mutagenic lesions that were short-lived but required DNA 
synthesis to be mutagenic, it probably would not be detected 
in this assay and negative results cannot be taken as 
definitive for such a carcinogen could induce mutations in the 
actively dividing epithelial populations that are the 
principal sites of human cancer. 

Positive results, however, provide the possibility of 
investigating the nature of the mutations in detail. Clearly 
not all mutations are significant for carcinogenesis at a 
particular site. It is now possible to recover the mutant 
colonies obtained in the Concurrent Assay and to amplify the 
mutated gene in vitro, for sequencing. The first step is to 
produce cDMA from the mRNA present in the clone with reverse 
transcriptase. This cONA lacks the introns present in the 
gene and is thus of a manageable size. The polymerase chain 
reaction (PCF) has been used successfully to amplify the cdna 
corresponding to the hpt gene from a series of EMU-indueed 
mutants. Sequencing this DNA is our next priority. 



CONCLUSION 

Experience with the concurrent assay shows that it is possible 
to quantify both chromosomal and gene mutation rates in 
somatic cells treated In vivo . This permits the detailed 
analysis, yet to be done, of the types and frequencies of the 
genetic changes important for carcinogenesis. Some 
limitations to the usefulness of the assay have been 
discovered, but it will undoubtedly be useful both when 
positive results have been obtained and as a standard against 
which to judge the biological relevance of other assays, 
specifically those involving transgenes. 
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Towards a Risk Assessment of PAH: Effects of Route of 
Administration and Species Differences on Tumorigenic Potency and 

Site of Action 
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Environment Ontario. Hazardous Contaminants Branch 135 St. Clair Avenue West- Toronto, Ontari o. M4V IP5. 

1 Summary 

Oui group at the Ontario Ministry of the Environment is working on a multimedia risk assessment of PAH' and 
PAllconiaining complex mixtures. As a pan of the risk assessment, we are examining the tumorigenic effects of PAH 
in animals. We are extracting and reanalyzing data from published literature using standardized quantitative methods 
Whenever possible, we are comparing results obtained from experiments with the same protocol. The following are 
some of the main conclusions: 

1 . The type and site of tumors depends on both the species and route of treatment 

Topical and respiratory tract administration of PAH induce tumors primarily in the tissues near the application site In 
contrast PAH administered orally induced effects in a number of sites distal to the site of administration PAH induce 
primarily squamous cell carcinomas in most species and with most routes considered, although adenomas and 
adenocarcinomas were also found relatively frequently. 

2. Risk due to the exposure to PAH is strongly route-dependent 

The potency of PAH is affected to a considerable degree by the route by which the PAH was taken up Route of 
administration also affects sites and types of tumor induced by PAH. 

3. PAH are about 250 limes more sensitive lo the exposure via respiratory tract than via the oral route 

Rodent species examined are consistently more sensitive lo J-MC administered by the respiratory route than by the 
oral route. This difference needs to be reflected in the risk assessments of PAR 

4. The dependence of the potency of J-MC on rodent species and route of administration has been estimated. 

This relationship can be explored in filling the daia gaps, where data on a particular compound arc not available for a 
particular species and route of administration. 

5. Risk estimates for PAH based on surface area or body weight extrapolations from rodents to humans are 
likely lo be highly unreliable. 

Potencies of PAH based on rodent to rodent extrapolation (based on body weight or surface area) were significantly 
different from the experimentally determined potencies. Extrapolations from rodents to monkeys produced errors of 
many orders of magnitude. It is likely, that the estimates of PAH potency in humans based on surface area or body 
weight extrapolations from rodent data could lead to substantial errors. 

2 Introduction 

In our efforts to conduct a risk assessment of PAH and PA H-containing complex mixtures . wc arc examining some 
key assumpuons. Depending on the outcome of the evaluations, the manner in which the assessment is conducted 
may be changed or influenced. The current report illustrates some of the issues that wc have been investigating, 
Ideally, risk or adverse effects due to exposure to a toxicant could be measured directly. In practice, this is rarely 
possible. Regulatory agencies resort to the use of the risk assessment process for deriving quantitative estimates of 
risk based on incomplete data sets. The nsk assessment process substitutes missing information with estimates based 
on other existing data and expert judgement. The eventual reliability Df the risk estimates depends greatly on the 
reliability of the expert judgements made during the risk assessment process. 

In this paper, we are examining two important issues that often need to be addressed during the risk assessment process: 
o route to route extrapolation 

n species to species extrapolation 



I Abbreviations: PAH - Poiycyclic Aromatic Hydrocarbons 
J-MC - 3-meihyk;holanilirene 
B|a]P - Bert70(a]pyrenc 
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2.1 Route to route extrapolation 

The role of the route of administration on the potency Ota toxicant is often overlooked. In many cases, a toxicant 
is assumed to have some inherent potency, independent of the route of uptake. Furthermore, most risk asscssflncnis 
arc conducted assuming that exposure occurs through a single medium and via a single route. In practice, that is 
often not the case, for example, if the exposure is from a particulate -bound toxicant in the air, the uptake will take 
place both in the respiratory tract and in the digestive tract- Also, humans are exposed to many toxicants from 
more than one medium. Therefore, tt is important to understand how to estimate the risk from a toxicant which 
can he taken up fry multiple routes. 

In the case of PAH, it is especially important to understand the effect of the route of administration on the toxicity 
of these compounds. People are exposed to PAH primarily by ingestion and inhalation. However, in most 
experimental studies PAH were applied topically to the skm. Since, the risk assessment calls for extrapolation 
from the experiments (.with topical administration) to humuas (with primarily oral and respiratory uptake), it is 
important to understand how the route of administration affects the toxicity of PAH. We must consider the r^t 
thai humans receive greater exposure to PAH through ingestion rather than inhalation. Yet, studies for humans 
exposed to PAH -containing mixtures, showed greater tumori gen icily through inhalation and lower lumorigenic ity 
through ingestion. 

Both these facts, illustrate why we need a comprehensive understanding of the effect*; of the route of exposure 
(administration) on the potency of PAH, in order to conduct an accurate estimate of risk. 

2.2 Species to species extrapolation 

When there arc inadequate data to estimate the potency of a toxicant in humans, the potency is usually extrapolated 
from experimental data. It is often assumed that the potency in a target species (e.g. human) is a function of a 
potency m the reference species (£,g. mouse) and a function of body size. The US EPA uses the assumption that 
the target dose is proportional to surface area, where surface area is estimated as (he square of die cube root of the 
body weight. The FDA uses the assumption that the target dose is proportional to the body weights of the species. 
Many experimenters have studied the relationship between potency and body si/e in order to formulate a generalized 
relationship^ which would be accurate for many species and many toxicants. 

Wc set out to test the relationship between the species body size and potency specifically for PAH T Since there 
are no human data on the potency of individual PAH, we tested whether there is a consistent rclationsh ip between 
potency ami hotly size in different experimental species. Wc reasoned that, if its possible to predict potency of 
PAH in humans from rodent data, it should be possible to extrapolate from one experimental species to another. 
The results of these extrapolations arc reported in the Results section, 

3 Results 

3.1 Route and site of action 

I n general . adni imstration of PAH tends to produce pnmari ly squamous cell carcinomas in most species and routes 
considered here (See Table 3.1. 1). Adenomas and adenocarcinomas arc also found relatively frequently. In 
hamsters, skin application of PAH results in melanomas, rather than papillomas or squamous ceil carcinomas. 

With skm and respiratory tract application , tumors tend to form near the site of initial contact with the tissue. Thus, 
skin is the primary target for PAH applied topically. Thysscn ei tri. [J6J conducted an experiment where tumors 
developed all along the respiratory path with the exception of the lungs. It is likeJy, that the lungs remained 
tumour-frcc because only low concentrations of B |a|P reached the lungs. Some tumors also developed in (he upper 
digestive system, probably in response to the particles deposited there by reverse transport from the respiratory 
tract. When PAH are applied at a specific site of the respiratory system, the tumors develop near (hat site. 

t tnlikc skm or rcspiraiory tract administration, administration to the 01 system results in tumor development at 
some distance from the application site. When PAH were administered orally to female HSU, tumors were observed 
in mammary tissue hut not mtheG I system. Mammary tumors were also Observed in mice given oral administration. 
In hamsters, oral administration of PAH induced skin melanomas. See Table 3.1.1. 

Repeated oral administration of B| a |P to mice induced tumors in the forestomach, but lung tumors and leukemia 
were also observed. Interestingly, forcstnmach tumors are also found in mice treated with PAH inlracolomcally. 
This suggests that forestomaeh tumors are not induced by oral administration of PAH just because this is the first 
site of contact with these compounds. Sec Tabic 3.1.1. 

It is important to note that there arc important species difference-* in the site and type of tumors induced by PAH 
in dillerem species. Thus, application of PAH to the skin of mice and rats produces papillomas and squamous cell 
carcinomas but in hamsters the predominant type of tumor is melanoma. Oral admin istrauon of PAH to female 
rats induces mammary tumors, while in the mouse, forestomaeh tumors predominate. As a result, caution is 
recommended when attempting to extrapolate findings in one species to another. 



Table 3.1.1. 



Sites and Types or Tumors Found with Different Routes of Administration. Table 1 shows 
whether an organ (or organ system) is a major or minor site Tor tumors, the organs in which 
tumors have been observed and the types of tumors observed. 
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J Other 



Adenoma, 
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3.2 Route of exposure and potency of PAH 

Figure 52. 1 illustra uss that there is a considerable difference between ijk potency of 3-MC administered by different 
routes. In general, PAH induce tumors roost readily via the respiratory route, although mice may be somewhat 
more sensitive to topical admtnistrauon of 3-MC. Tumors were least readily induced by oral administration; 
specifically, hamsters showed no effect at the tested dose. Table 3.2.1 shows flic relative potency of 3-MC when 
applied to different rodents and IhroughditTerem routes. All species and rratesliaveljecntiorrnalized to mouse-skin. 
Thus, mouse skin has a potency of one. 

Table 3.2.1. Relative potency of 3-MC in rodents when administered by different routes. Potencies are 
determined relative to mice treated with topical application; thus, potency in mice treated topically is set to 1 .0. 
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Mouse 


Rat 


Hamster 


Geometric mean 


Topical 


set to 1 


£85 
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19 


Rt'H./r:! !':.,.' fif*3K 


.26 


1.9 


l.u 


.98 


i )rai 


819 


.0033 


.(XI 10 


.004 
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HE ftXl: I hr diar rrf J-MC rnplrcd to indue t 50 

pcrccnl twmws In rodenm. I or mic* and 
rtu ihf fc»« sensitive route of uttum nniuon 
wu the ut*t nxne. liirriittrt ■hewed no 
cffcti for skin jippSicatH-n Mice were ilmas. 
Hfutlly lenfinue w 3-MC applied wpicilly 
or ■rfimmiicruri ii> ihc trtptninty system 

3.3 Species to species extrapolations 

The results in figures 3J.la id 3.3. Id indicate thai there is a considerable difference between the dose of 3-MC 
which was experimentally dcierrn ined to induce a particular tumor incidence in a particular species and Ihe dose 
predicted based on surface area or body weight extrapolation from one species id another. 

4 Discussion 

4.1 Methodological issues 

li was necessary la draw comparisons between species and routes of adminisiraiion from the data obtained from 
siudies originating in different laboratories. We were rarely able to make comparisons where alt the 
cx|x-nmcn[a] parameters were ihe same in all the studies except for the parameter being compared. We made an 
effort to locate the papers with as similar an experimental design as possible. In particular, we identified studies 
which used Ihc same compound for testing (3-MC) and observed the same endpoint (e.g. lung squamous cell 
carcinoma). We have also compared, whenever possible, experiments where the exposure to 3-MC was 
protracted over days or weeks (sustained release material or repeated administration). 

The sensiiivily of different species lo PAH is hard to evaluate. Some problems stem From the diffcrcni hie 
expectancy and from histological/ anniomical differences among the species. (Example: what should be 
considered a pnmaie equivalent of ihc rodeni forestomach?) Furthermore, dose-response curves are rarely 
available and thus, by necessity, the comparisons were often conducted on experiments with only a single dose 
of PAH lesicd 

ti is also difficult [o decide, whether the validation of species extrapolation should be conducted using the most 
sensitive cndpoim or whether the same endpoints should be used (or comparison. For example, there are few data 
on mouse mammary tumors induced by oral adm inisiration of PAH bul (here are good data on forestomach tumors. 
In contrast, much or the rat data involve mammary tumors as endpornis. Selection of endpoints affects ihe 
conclusions about the reluiivc sensitivity ordiffcreni species. The inier-specics differences are more marked, when 
a standard cndpotni i.s moniuircd. If ihe most sensitive Ciidpoinrs arc examined, then the inter-species differences 
arc usually smaller in magnitude. Thus, rats develop respiratory system squamous cell carcinomas much more 
readily than mice, based on constant surface area or constant body weight extrapolations. Mice develop adenomas 
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more readily than squamous cell carcinomas. When no distinction is drawn between adenomas and squamous 
c^cinomas, there are no striking differences in sensitivity of the two species based on constant weigh* or constant 
surface area cittapoJatiofl. 

Dcspitc the technical difficulties described above, we have interpreted the large differences between the potencies 
as genuine differences between species. 

Wc have used tnadexcetmg as a standard form to compare potency under different experimental conditions. The 
implicit assumption behind this data transformation is that the incidence of tumors is linearly dependent on the 
total dose of the toxicant administered to a given animal. Unfortunately, we cannot test the accuracy of this 
assumption, thus, die transformation may introduce some error. 

All of the comparisons reported here were based on experiments administering 3-MC. We have chosen this 
compound because the best daiasct was available for this compound. Wc have arrived at similar conclusions after 
wc analyzed experiments using B |a|F. although, this data set was less complete. (Results on Bf a|P are not reported 
here). We have assumed that what holds for 3-MC ami B[a]P also holds for other PAH. 

4.2 Discussion of the results 

The potency of a PAH isafTeclcdtoaccflsidcrabJedegrcebythcTouic by which the PAH is taken up. Most rodents 
arc particularly sensitive to PAH administered via (he respiratory system. Mice are also vulnerable to the topical 
application of PAH. The oral route appears much less sensitive than the respiratory route, but the effects from oral 
administration arc delected in ussucsat some distance from tJxrsileof administration. Incontrast, PAH administered 
topically or to tile respiratory system induce effects primarily on thai system. The route of administration also 
affects sites and types of tumor induced by PAH. Since, the potency of PAH and their site of action is significantly 
affected by the route of administration, trie route of exposure should be taken into account during risk assessment. 

Table 3.2.1 has several implications for risk assessment. It permits estimation of potency of PAH from a rodent 
species treated via upankutar route to another rodent species with another exposure route. It also shows that the 
oral as well respiratory tract potencies of 3-MC are reasonably similar across the rodent species. The respiratory 
system isaixiut 250 times more sensitive than the G I system. This may explain the apparent greater sensitivity in 
humans to exposure from inhalation than from much higher dietary exposure, ll may be prudent to give respiratory 
exposure 250 times greater weight than liic oral exposure, when human risk is being determined 

Potencies of PAH based on rodent to rodent extrapolation (based on body weight or surface area) were significantly 
different from the experimental ly determined potencies. Extrapolations from rodents to monkeys produced errors 
of many orders of magnitude. It is likely, thai the estimates of PAH potency in humans based on surface area or 
body weight extrapolations from rodent data could lead to very substantial errors. Therefore it is preferable to use 
other approaches in order to csumaic human risk. 

Unlike route to route comparisons, wc have made our com pari sons between species using the homologous site 
and/or type of tumor whenever possible. As a result, the observed differences between species apply only to the 
particular endpoint monitored. Thus, even though mice may be more sensitive to foresiomach squamous tumors 
than other rodents, it docs not imply thai mice would be more sensitive lo mammary tumor induction than, say 
rats. 

Because of the importance of these extrapolations for risk assessment, experiments designed to confirm our 
Gonclusiona are highly desirable. 
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I Introduction 

Although significant gains have been made towards the reduction of 
lead exposures to the general population, lead nevertheless remains 
associated with a level of public health concern (Mushak et al., 
1990; Silbergeld, 1989; Lee and Moore, 1990) . This is due to its 
widespread presence in the environment and an evolving 
understanding of its toxic impact at even very low doses, 
particularly for the fetus and young children (Needleman, 1990; 
Davis and Sversgaard, 1987) . 

Because of the presence and persistence of lead in diverse 

environmental media, adequate risk assessment, therefore, requires 
consideration of specific lead exposures and their relative 
contributions to the total lead exposure picture of higher risk 
population groups. 

The present paper describes ongoing work within the Hazardous 
Contaminants Branch to assess potential exposures to lead and 
associated risk in Ontario populations utilizing a multimedia 
approach. Utilizing both deterministic intake and integrated 
biokinetic\uptake modelling, exposure estimates for sensitive 
subpopulations are developed based upon environmental levels and 
trends of lead within various exposure pathways. Preliminary 
estimates of lead intakes are described. The exposure modelling is 
evaluated against what is known regarding measured blood lead 
distributions in Ontario children. Lastly, with reference to 
current findings regarding the effects of low level lead on the 
developing central nervous system, a number of conceptual paradigms 
for interfacing of exposure findings to regulatory strategies (e.g. 
standards developments) are briefly outlined. This paper is 
limited to general exposures for young children and pooled adult 
groups. Other subgroups (women of child bearing age, infants 0-6 
months, etc), and scenarios based on location or special exposure 
sources (e.g point source impact assessment, lead-based paint 
exposures) are important exposure questions which we have modelled 
but are not presented here to allow for a more detailed discussion 
of the general modelling approaches and assumptions. 



"The vlswi ami ideea expressed in this P*P*E Af« those of Che sucker And dfi net nsrcesseflLy 
reflect Lhe views cr policies of tnvi lor.raenr. Ontario 



II Exposure Assessment 

Various approaches can be applied to the problem of assessing the 
exposure to lead of human populations. Broadly speaking this is 
achieved either through 1 . ) environmental monitoring and 
subsequent modelling of pathway-specific intakes and 2.) 
population-based studies involving biological monitoring. In the 
first approach levels and trends of lead is measured/modelled in an 
environmental media and combined with models of consumption and 
contact to generate age-specific estimates of intake. In the 
latter approach lead is measured directly in the receptor in a 
biological media, typically blood lead (Pb-B) or lead in bone. 

Modelling of lead exposure using environmental levels data has 
evolved such that more than one form is available. A commonly 
utilized and simplistic approach involves point or deterministic 
ites of intake providing values of receptor contact in Ug/day 
or ng/kg/day units. This is referred to here as a multimedia 
deterministic model. Alternately more complex integrated 
pharmacokinet ic-based models of exposure may be employed 

i) Multimedia Deterministic Model 

Constructing exposure estimates from the various routes involves 
consideration of! relevant data on the ambient concentrations of 
lead in each media, data on consumption of and exposure to these 
media, data on trends in exposure levels over time, and data on 
uptake and absorption following exposure. Because such data is 
seldom comprehensive, it is generally the case that assumptions 
must be made in the estimates of environmental concentrations, 
rates of intake and absorption factors. As such, the exposure 
assessment presented is a model which predicts hypothetical doses 
which are not necessarily encountered. Rough estimates of exposure 
to "typical" individuals living in Ontario are generated, 
recognizing that the exposure of any specific individual may vary 
widely from these estimates according to factors such as age, 
activity, and geographical location. 

Integrated estimates of total daily intakes for children (1-4 
years) and adults'- derived from summation of individual pathway 
point estimates- are presented in Table 1. Estimates for 1985 
versus current estimates are provided to illustrate the dynamics of 
change which must be considered in multimedia assessment. The 
difference derive ifrom changes in the general environmental levels 
of lead in these media over this period. Young children and adults 
are predicted to have similar total intakes of lead but different 
ratios of pathway contribution and children having a much large 
dose on a |ig/kg/day basis (roughly 5 times the adult dosage) . Both 
child and adult doses are predicted to have declined by 25-30% over 
the past 5-10 years. 



TABLE 1: 



Intagxatad Lead Exposure Estimates for Urban Ontario 
Populations 
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(1-4) 
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(20+ yrs) 
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36.4 


Drinking Water 
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7.5 


3.0 




Air 
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0.15 


0.9 


Soil/Dust 


'32.0 

72.7 
5.0 


8 - 


-',?. - C 


a ,' 


Estimated Total 

fug/day) 

(jig/kg/day) 


70.6 
1.0 


53.2 
3.6 


52. B 
0.64 



The relative contributions of food, drinking water, air and 
soil/dust exposures to total intake are indicated in Table 2. 
For young children, food and soil/dust exposure accounts for the 
larger part of total intake, with each in the mid-1960' s estimated 
to account for approximately one-half of the exposure each. 
approximately 4-6* of exposure is through drinking water. A 
different picture emerges for adults with as much as 80% of 
exposure through diet and a substantially smaller fraction through 
dust intake. What is interesting to note here with respect to 
trends is that while overall intakes has declined equally, the 
relative contribution pattern has remained relatively static for 
adults but changed for children. Presently soil/dusts would be 
suggested to be the greatest contributor to "typical" general 
exposures for children, with dietary exposure suggested at 
approximately half the soil/dust contribution. 

TABLE 2: Relative Contribution of Media to Total Exposure (%) 
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i.a) Dietary head 

It is generally considered that the primary source of an 
individual's lead exposure, under most circumstances, is via 
consumption of food and beverages containing lead. The relative 
contribution to the integrated lead uptake will be particularly 
significant for those populations without substantial exposure to 
other lead sources. 

Previous estimates of exposure have suggested a relative 
contribution of up to 75% of intake for adults and 50* for children 
(HWC, 1989; MOE, 1991). It is therefore essential to understand 
the extent, nature and trends in this particular intake. It is 
relatively clear that lead in food exposure has changed in Canadian 
and U.S. populations during the 1980's. Estimated food intakes for 
various time periods are provided in Table 3 for Ontario/Canadian 
individuals versus U.S. diet figures. 

TABLE 3 Lead in Food Exposure Estimates 
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4.75 



r&oda 111 rectorattt. Health and wettato Canada 
not. 1^41. Baarrd en cot*! dial *urv*y data. 
Oabwha and MacPConilo, I9B1. Duplicate dtat. 
Daboka. mi. Total Dlatt Butwy. 
CartrtU *t ■!. L9IS, 



It would appear on the basis of U.S. FDA data that a trend towards 
lower levels of lead in food, and therefore dietary intake of lead, 
is occurring. This is most notable for young children. Similar 
trends are suggested by Canadian data, although systematic 
determination of declines in levels of specific foodstuffs has not 
been assessed. Such trends have been attributed to primarily three 
factors: 1.) reductions in ambient particulate fallout to crops 
as a result of phased-out leaded gasoline; 2.) manufacturers 
phasing out of use of lead solder in food tins; and 3.) decline in 
concentrations in waters used in processing and preparation. 
Comparison of U.S. and Ontario estimates for children gives rise to 
interesting interpretational questions. Canadian estimates are 
generally significantly higher than U.S. figures. What may account 
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for this difference and to what degree would a large difference be 
expected? This may in part be due to 1.) earlier phaseout of 
leaded gasoline in the U.S. 2.) greater frequency of U.S. basket 
surveys 3.) differences in study methods and 4.) differences in 
consumption patterns for specific food types. On the other hand 
some similarity in intakes might be expected particularly if 
comparing, for example, Northeastern states to Ontario. Many foods 
may be obtained from common sources for both populations, and 
reliance on locally grown foods is probably less significant than 
in the past. 

i.b) Lead in Drinking Water 

In order to develop a point estimate of average daily consumption 
of lead from drinking water, it is necessary to select from the 
available, a concentration which best approximates the "average" 
concentration of lead in Ontario drinking water. A value of 5 Hg/L 
(range 1.1 to 30 ^g/L) is selected based on the 4.8 |lg/L mean 
concentrations from the recent Ontario composite sampling survey 
(MOE, 1988t . This data was felt to be most representative because: 
II the seven municipalities were selected to reflect major 
population areas and communities where representative range lead 
levels had been found or expected; 2) the results from the 
composite samples were usually much more consistent than grab 
samples, especially where elevated levels were found and; 3) the 
composite sample is linked to the water-use patterns of the 
residents as it samples a portion of the drinking water which is 
actually consumed by the household. It is a value which falls 
between the mean median concentration of flushed (3-4 Hg/L) and 
overnight (6.1 (lg/L) samples in the Drinking Water Surveillance 
Program (DWSPI , as well as between the flushed (3.3 Jig/L) and 
random/overnight levels ("7,6.6 |lg/L) of the Northern Ontario Blood 
Lead Study (GOSS Gillroy, 198B) . The selected value also takes 
into account the considerable drop in concentration, which occurs 
in a standing sample following running of the tap. 

Based on average daily consumption rates, the average daily intakes 
of lead from drinking water are calculated to range from 3.0 ug/day 
(0.21 ug/kg bw/d) for children to 7.5 Jig/day (0.11 Hg/kg bw/d) for 
adults. These figures correspond with those recently determined in 
a similar analysis by the Federal-Provincial Subcommittee on 
Drinking Water (FPSDC, 1988). Meranger et al. (1984), have 
estimated a daily intake of lead from drinking water to be 0.59 to 
0.85 Hg. 

i . c) iead in Air 

Lead is present in air as a result of current industrial emissions, 
automotive exhaust and re-entrainment of lead-contaminated dusts. 
The primary contribution to the overall lead pollution level in air 
originates from the use of leaded gasolines, whereas fallout from 
industrial plants that process lead can produce more severe effects 
on a local scale. Because of the phase out of lead in gasoline 
within Canada in 1990, it is anticipated, that concern regarding 



emissions to ambient air will shift almost exclusively to 
relatively confined localities surrounding significant point 
sources. The current analysis concerns itself with general 
population exposure although site-specific scenarios are under 
development (MOE, 1991) . 

Routine monitoring of ambient air levels of lead is carried out by 
the Ontario Ministry of the Environment (MOE) in locations 
throughout Ontario. Among the results which bear consideration are 
1.1 the ten-year trend for annual geometric mean lead particulate 
levels demonstrates substantial decreases, from 0.4 ug/m 5 in 1978 
to 0.1 Jig/m 3 in 1987 (MOE, 1988) 2.) annual geometric mean values 
for 1989-90 are generally below 0.05 ug/m 3 Pb across the province; 
3.) for most rural locations, the annual mean is 0.05 ng/m 3 or 
less . 

From this most recent information the lead concentration level 
selected for the exposure analysis is 0.05 (ig/m 3 for urban location 
(non-point source) to reflect an "upper limit" of annual means for 
urban localities (most cities are in the 0.1- 0.3 jig/m J range. 
Rural would be expected to have even lower levels, because of much 
lower traffic densities and lack of proximity to industrial lead 
emissions. 

The inhalation exposure analysis for various subgroups living in 
urban areas, not in the vicinity of a point source, are presented 
in Table 4 . In order to account for differences in exposure 
encountered indoors as opposed to outdoor time weighted average 
concentrations have been estimated using the assumption of time 
spent indoors indicated in the table. According to the U.S. EPA Air 
Criteria Document (1986), a range of indoor/outdoor air lead 
concentrations have been determined for different cities and 
building types, and these vary between 0.3 and 0.8. The value 
utilized in this analysis is 0.5 reflecting the approximate 
midpoint of this range. This ratio will be affected by a number of 
parameters including lead particle size, housing conditions, 
seasonal changes in activities about the home and meteorological 
conditions, particularly winds and rainfall. For point sources, 
where generally larger less mobile particles are involved this 
ratio has been estimated at 0.3 (Cohen and Cohen, 1987), 
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TABL1 4: Estimated Daily Intak«» of Lead via Inhalation for 
Ontario Urban Populations 





POPULATION SUBGROUP 




INFANTS 
(0-1 yr) 


CHILDREN 
(1-4 yr) 


CHILDREN 
(5-11 yr) 


ADULTS 
(20 yr t +) 


Air lead concen- 
tration (Mg/m 3 ) 


o.os 


0. .05 


0.05 


0.05 


Indoor /outdoor 

concentration 

ratio 


0.5 


0.5 


0.5 


0.5 


Time spent out- 
doors (hours) 


1.5 


3.0 


5.0 


5.0 


1 Time weighted 
j average concen- 
1 tration <u.g/m J l 


O.OS 


0.06 


0.06 


0.06 


Volume inhaled 
(mVday) 


2.5 


5 . 


9.0 


22.0 


Inhaled daily 
intake (ng/day) 


0.07 


0.1S 


■ : . :■ - 


0.9 



i.d) Lead in Soils and Dusts 

Adults and children are exposed daily to dusts as a normal factor 
in homes, streets, playgrounds and other surfaces to which there is 
routine contact. As discussed above, U.S. epidemiological studies 
have demonstrated significant correlations between lead 
concentrations in soils and dusts and blood lead levels in children 
(Charney et al., 1983; Bornschein et al. t 1986; Rubinowitz et al., 
1985) . It has been suggested that the most probable environmental 
exposure pathway for young children in soil lead > house dust > 
hand dust > ingestion > blood lead. The direct ingestion of soil 
lead in the outdoor environmental will also occur for some 
children. 



Analysis of the exposure to soil and dusts require some knowledge 
of the concentrations of lead in these media and recognition of the 
inter-relationship of air, soil and dust lead. Many factors will 
influence the intermedial distribution of lead including particle 
size, climatic conditions, surface water solubility of the soil 
matrix and time (U.S. EPA, 1988) . Although lead in soil is 
relatively immobile it serves as a continuous source of lead in 
outdoor and indoor (household) dusts, as the upper layer of soil is 
subject to re-entrainment by wind and human disturbance. 
This very top layer of soil to which people can be directly 
exposed, is sometimes referred to as "soil dust™ (U.S. EPA 1985, 
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1988) . The other components which contribute to the quantity of 
lead in dusts are direct deposition from the atmosphere - the 
primary sources being motor vehicle and industrial emissions - and 
the weathering or renovation of lead-containing paint work. Few 
data are available, however, from which to make inference regarding 
the relative contribution by source to dusts. 

The interplay of soil, dust and air lead concentrations has 
recently been analyzed in the US EPA integrated uptake biokinetic 
model of lead exposure (EPA, 1988) . Available studies that 
included both measurements of air lead levels and soil/dust 
concentrations were utilized to develop a prediction of the rate of 
change in soil and indoor dust lead as a function of ambient air 
lead levels. The key underlying assumption is that changes in air 
lead will be followed by corresponding changes in soil lead and 
house dust concentrations. The following long-term equilibrium 
relationships where suggested: 

Soil Lead = 50.1 + 579.0 (Ambient Air Lead) 
Dust Lead = 57,6 + 972.0 (Ambient Air Lead) 

In the short term (several months or less), changes in ambient lead 
were predicted to result in direct changes only in dust lead 
levels, but little or no change in soil lead levels. 

These equations would predict a ratio for soil to dust lead 
concentrations of 1:1.7, at a given air concentration. 

A summary of MQE data collected between 1972 - 1982 in areas not 
impacted upon by industrial point sources indicated mean values of 
urban, small town and rural areas of 123 u,g/g (5-845 range), 73 
)ig/g (2-133 range) and 35 ug/g (<5-360 range) respectively <Rinne, 
1989). Examples of specific urban (pop. > 10,000) residential mean 
concentrations, derived from pooled 1972-1985 MOE data are 121 
(+1421 ug/g for Toronto, 119 (+95) ug/g for Windsor and 150 (+93) 
|lg/g for Guelph. For the City of Toronto, the range of values 
among 233 samples was 5-845 ug/g lead in soil. The sampling from 
which the above figures and the "upper limit of normal" for soil 
lead in urban areas are derived consist largely of composite 
sampling (10-12 samples per residence) taken at 0-5 cm depth. The 
cities indicated were considered to have the most extensive 
sampling databases. 

Typical house dust levels in Canada of 50-400 (lg/g in suburban 
locations have been reported (Nriagu, 1986) . In 1973, house dust 
concentrations in a Toronto urban control area were measured at a 
mean of 845 ug/g with a range of 351-2010 (ig/g (Roberts et al., 
1975) , There are no more recent data on lead concentrations in 
household dust in Ontario and Canada. Information on house dust 
lead concentrations is quite sparse, particularly information on 
spatial and temporal variations in levels in houses (Duggan and 
Inskeip, 1985). This, coupled with a lack of any standardized 
methodology for representative house dust sampling and analysis, 
make interpretation of dusts data highly problematic. 



Insufficient data is available to separate, in a quantitative 
manner, relative exposures to lead in soil versus lead in dusts and 
therefore these must be considered together. Because of evidence 
pointing to the importance of dusts as a critical path of exposure, 
because generally a larger proportion of time is spent indoors by 
children, and because house dust lead concentrations may exceed 
soil lead concentrations, house dusts are taken as the surrogate 
exposure vehicle for all soil and dusts. Because of the lack of 
data on house dust levels, the concentration used are derived by 
application of the soil dust lead ratio (arbitrarily rounded to 2 
from 1.7| to soil lead concentrations selected to be representative 
of urban (200 ug/g) locations in Ontario. The calculated urban 
value of 4 00 ug/g lead in house dust is the upper value of the 
range of Canadian suburban household dust lead levels reported by 
Nriagu (1986). A recent analysis by Health and Welfare Canada 
estimated household dust lead concentration in Canadian urban 
communities at 350 |jg/g based upon the observed declines in the 
average concentration of lead in soil (43%) and air (73%) between 
1973 and 1985 (HWC, 1989) . 

For the present exposure assessment a soil/dust ingestion figure of 
80 mg/day is assumed for children 1-4 years old. No information 
empirical was found which would provide a basis for estimating 
amounts of soil eaten by older children and adults. Exposure 
scenarios which include soil ingestion for adults assume that 
adults ingest less soil than children, because of differences in 
behaviour and personal hygiene. Adults are assumed here to ingest 
20 mg of soil daily. 

ii> Integrated (Jptake/Siokinetic Model 

An alternate method to deterministic approaches is presented by 
models incorporating considerations of absorption (uptake) dynamics 
and distribution kinetics of lead into various tissue compartments. 
The Integrated Uptake/Biokinetic Model (IU/BK) developed by Harley 
and Kneip has been utilized by U.S. EPA in development of lead 
standards/guidelines (U.S. EPA, 1990) . The IU/BK Model accepts 
monitoring data or modeled levels of lead in media associated with 
various exposure pathways (soil/dust, diet, water, air) and 
utilising age-specific intake and uptake parameters predicts total 
lead uptakes. These lead uptakes are then transformed to mean 
blood lead levels, which together with a geometric standard 
deviation can be used to estimate the frequency distribution of 
blood lead levels in children (U.S. EPA, 1989). This is a most 
valuable parameter for the purposes of lead risk characterization. 
Site-specific source contributions to blood lead levels and 
contributions from all media may also be examined. Although 
originally designed with focus on site-specific situations (e.g. 
vicinity of lead processing plant) , broader application may be 
feasible . 

Using the same environmental levels and media-specific consumption 
parameters from the deterministic multimedia model, predicted blood 
lead distribution in children were generated through the IU/BK 



model. Default biokinetic slope factors and transfer coefficients 
were utilized. Calculated blood lead and media uptakes were 
generated yield values and plots shown in Table 5 and Figure 1 
respectively. In general dietary and soil/dust uptake contribute 
the greater portion of the integrated exposure. The question of 
how exposure and therefore populations blood lead may be changing 
over time given recent centralized control mechanisms, was examined 
for three time periods (early-mid 198Q's, late 19B0's and 1990' s). 
For a choice of a blood lead cut-off value of 10 ".g/dL, the 
modelling suggests a dynamically changing exposure picture from 
large percentages above this cutoff in the early 1980' s to 
relatively small, to perhaps less than 1% for the 1990. This of 
course does not account for incidental exposures, (for example to 
lead-based paint) or point source impacted areas where individual 
blood leads may be notably elevated. These changes are driven by 
estimated reductions in dietary and airborne lead concentrations. 

It is interesting to roughly compare the predictions of the model 
with epidemiological data of blood leads for Ontario child 
populations. The model predicts a geometric mean blood lead of 8.7 
Hg/dL as opposed to 12.02 observed in urban children of the 1984 
Ontario Blood Lead Study (Duncan ec al., 1985} . A higher degree of 
prediction is seen with later 1930' s data, where the IU/BK model 
estimates approximately 6 ng/dL as opposed to a mean 7.87 observed 
in urban Northern Ontario children in 1987 (Goss, Gilroy, 1988) . 
The differences may be possible due to: 1.) underestimation of 
exposures related to diet for dusts 2.) underestimation of 
absorption of ingested inorganic lead or 3.) inability to 
adequately account for incidental exposures related to lead-based 
paints or other common product sources. The degree to which this 
model is applicable to broader population analysis as opposed to 
site-specific questions requires further consideration. However, 
it is apparent that this tool can provide a useful aid to 
integrated analysis and risk-based decision-making for lead. 
I 
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Table 5 ID/BK Model: 



Calculated Blood Lead and Relative Media Uptakes for Children (Non- 
Point Source) 1 



1 Time 


Age 


G.M. 


Diet 


Mater 


Soil/Dust 


Air 


Total 


1 Period 




Blood 


Uptake 


Upt ake 


Uptake 


fug/day) 


(Mg/day) 






Level 


(|ig/day) 


(M.g/day) 


fug/day) 






1 




(|lg/dL) 












f 
early- 


1-2 


8.1 


18.7 


1.4 


9.1 


0.16 


29.4 


mid 


2-3 


8.4 


18.7 


1.4 


9.1 


0.27 


29. S 


1980's 


3-4 


8.5 


18.7 


1.4 


9.1 


0.28 


29.5 


late 


1-2 


6.3 


9.1 


1.4 


9.1 


0.05 


19.6 


1980's 


2-3 


5.7 


9.1 


1.4 


9.1 


0.09 


19.7 




3-4 


5.7 


9.1 


1.4 


9.1 


0.09 


19.7 


199?? 


1-2 


4.8 


5.0 


1.4 


6.9 


0.03 


13.4 




2-3 


4.6 


5.0 


1.4 


6.9 


0.05 


13.4 




3-4 


3. i 


5.0 


', -■■ 


6.9 


0.05 


13.5 


Linear 


aba rpt ; : i 


methodologies utilised 











figure i: IU/BK Predicted Trends in Blood Lead Frequency Distribution 

early 1 980's- 1 990's 
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III Toxicological Consideration 

Discussion of the myriad of literature associated with the health 
effects of lead is not attempted here. Very briefly, over the past 
two decades, understanding of childhood and prenatal lead toxicity 
has changed substantially and the generally recognized level for 
lead toxicity has evolved downward. Blood lead levels as low as 10 
jlg/dL, and perhaps lower, have been associated with decreased 
intelligence and impaired neurobehavioural development. Effects on 
stature and hearing acuity have also been suggested at low PbB 
levels. The Centre for Disease Control is currently considering 
downward revision of its current community intervention level of 25 
|ig/dL blood lead. With respect to the subclinical neurotoxicity of 
lead, a number of investigators are now questioning whether such 
effects may diminish continuously as exposure decreases to zero 
that is, that there may not be a threshold for effects. This has 
brought into question the historical assumption of the general 
existence of thresholds for non-cancer adverse effects. 

U.S. EPA has recommended against establishment of a reference dose 
for lead. In contrast other agencies have supported a threshold 
approved through development of provisional tolerable intake values 
{e.g. the FAO/WHO permissible tolerable weekly intake is 25 u.g/kg 
or daily intake of 3.5 u,g/kg/day, 52.5 u.g/day for a 15 kg child). 
Typically a safety factor of 1.5-2 is applied in this type of 
derivation. 

Comparison of total integrated intakes for Ontario with these 
threshold values suggests that on average in the early 1980' s, 
typical total exposure for children would have exceeded these 
levels. Similarly mean values for urban children from Ontario blood 
lead studies of this period were slightly greater than the 10 u.g/dL 
PbB value currently being associated with potential subclinical 
effects. Modelling using more recent intake data suggest total 
intakes approaching or very slightly greater than the WHO PTWI . 
Predicted PbB from biokinetic modelling suggest lower mean values 
for late 1980' s and the current decade. Although it is likely that 
overall exposures will continue to decline, particular incidental 
exposures like lead-based paint and exposures in communities 
impacted by stationary sources of lead continue to be of concern, 
in light of the continuing evolution downward of blood lead levels 
associated with effect. 

IV Regulatory Application 

Detailed multimedia risk assessment has been undertaken by the MOE 
Hazardous Contaminants Branch to provide the scientific basis for 
the development of standards/guidelines for lead in single media 
{air, soil/dust, drinking watert , working from a multimedia 
analysis framework. Differing approaches/tools towards the 
exposure assessment and toxicological consideration create a matrix 
of scientific information for application to standards development 
as well other broader regulatory strategies for lead. Such a 



FIGURE 2: Conceptual Matrix for Multimedia Risk Model 
Regultory Interface 
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matrix is suggested in Figure 2, Depending on the risk model 
selected differential risk, characterization and therefore different 
strategic frameworks will be defined. For example, utilization of 
biokinetic modelling represents a deviation from a reference dose 
approach but may allow a more flexible approach for developing 
multimedia sets of guidelines. This approach also raises the 
question of what is the appropriate unit of risk. Multimedia 
deterministic models of intake leads to the allocation of a 
suggested acceptable daily intake, is based on more simplistic 
methods (and arguably more easily communicated) and fewer model 
assumptions. Analysis of the relative advantages/disadvantages of 
various risk models is in preparation. 
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THE HAMILTON STUDY: LONG-TERM EFFECTS OF SO, AND AEROSOLS ON CHILDREN 
WITH ASTHMA 

L.D.Penaellv and C,H. Goldsmith. Ur ban Air Envir onment Group; Departments of Medicine, and 
Clinical Epidemiology and Biostatistics; McMaster University, Hamilton ON LSN 3Z5. 

BACKGROUND 

Asthma morbidity and mortality, 

"Rates of hospital admission/separation for asthma and rates of death from asthma have 
increased dramatically among children and young adults during recent years in Canada. "(1). 
In the United States, asthma is the most common chronic disease of childhood, affecting 1 5 
percent of Americans under the age of 15. "It ranks first among the chronic diseases in 
causing school absenteeism, and it has been linked to lowered academic performance. "(2) 
Asthma is the commonest cause for admission to hospital in North America and twice as 
common as the next most common cause (31, Appropriate diagnosis and treatment reduces 
morbidity in childhood, and it is possible that good control in childhood may reduce severity 
in adult life (4,5). 

It is not clear whether the increase in morbidity and mortality is a result of increasing 
prevalence or severity, or by past underdiagnosis and undertreatment, or by a combination of 
factors. However, there is some evidence in the literature that the respiratory environment 
plays a role in the pathogenesis of asthma. 

Definition and methods of diagnosis of asthma 

Asthma has been defined as a disease characterized by wide variations over short periods of 
time in resistance to flow in intrapulmonary airways (61, Although the definition of asthma 
in an epidemiologic survey has been a matter of debate, it is felt that the underlying 
abnormality of asthma is one of increased airway responsiveness (4,7,1 5). In the absence 
of diagnostic confirmation using the histamine or methacholine test, or methods of 
observation of diurnal variation of peak flow (both difficult to Implement in the epidemiological 
context), one must rely on responses given to questionnaires by parents or children 
themselves, and perhaps the results obtained from pulmonary function tests of the children. 
This has been a common procedure in epidemiological studies, and estimates of prevalence 
based on random samples of population have been obtained in this way (8,9,10.1 1,12,13, 
14.15). 

Prevalenc e of childhood asthma. 

There is currently limited information about the prevalence of asthma in children in Canada. 
The study by Becklake and her colleagues carried out in suburbs of Montreal, obtained 
responses to questions about "wheezing" and past "asthma", The prevalence they obtained 
in 637 children age 9-10 for "wheezing" was 11.6% (males) and 9.5% (females); for 
"asthma" was 9.3% (males) and 4.9% (females) (16). A brief note in abstract form provides 
more recent evidence of a change in asthma prevalence in 3 and 7 year old children in 
Montreal: 3.8% in 1981 and 6.4% in 1983 (17). 

Previous work ftom thi s laboratory 

The Urban Air Environment Group, Department of Medicine, McMaster University, completed 
two field studies of the effects Of the environment on respiratory health in a cohort of 
Hamilton school children: the first from 1978-82(221. and the second from 1982-1986(24). 



Tha sponsoring agencies for these studies were: Health and Welfare Canada, the Ontario 
Ministry of Health, and the Ontario Ministry of the Environment. Details of the methods of 
these studies are given in (10,18,19,201. 

In the first study, on three occasions (1979, "Period 1"; 1980, "Period 2"; and 1981, "Period 
3"1, respiratory health and pulmonary function was measured in a cohort of over 3200 school 
children whose ages varied from 7 to 10 yr in the Fall of 1978. In the second study, 
respiratory health and pulmonary function data on those still available from this cohort (ovef 
20001 were obtained twice more, 11983-4, "Period 4"; and 1985-6, "Period S"|. During the 
latter two periods, biochemically validated estimates were also obtained of the smoking habits 
of the young people, who by this time were adolescents. From 1 979 to 1 986 air quality was 
also measured: Total Suspended Particulate (TSP); Particle Size Distribution (PSQ1, expressed 
as Aerodynamic Mass Median Diameter (MMD), or concentration of the fine fraction of 
suspended particles less than 3.3 urn MMD (FF); and Sulphur Dioxide concentration (SO,). 
The validity and repeatability of all these data were measured and found to be within 
acceptable limits (10,18,191. During this time (1982-3! a study of the indoor air quality and 
tha indoor/outdoor relationships of air pollutants in 20 homes and 1 6 schools was also carried 
out (21). Some early results have been previously reported (22,24,27). 

Effects of air qualit y on pulmonary function in asthmatic children. 

This aspect of the study (arising from an analysis funded by OME), specifically focussed on 

the asthmatic children found in this cohort, and was recently reported (23,28). 

For each pollutant, the children were divided into two groups: those with exposure above the 
median level, and those below. Each group was further divided into children with a physician 
diagnosis of asthma, and those w.thout. Comparison of the value of the two pulmonary 
function variables FEV./FVC and MET was made between groups. Data analysed were for 
what we refer to as "Period 2", corresponding essentially to the calendar year 1 980, and the 
mean age of the cohort at this time was 10 yf. 

In the asthmatic group, statistically significant and clinically important increases in airflow 
obstruction, as demonstrated by two reliable indicators of pulmonary (unction, were found to 
be associated with Increased chronic exposure to SO, at the relatively low levels found in 
Hamilton during this period (median 10.6 ppb, mm - max, 8.4 - 17.& ppb annual arithmetic 
mean!. This was not observed in the rest of the cohort: in fact statistically significant but not 
clinically important decreases m airflow obstruction were observed in the rest of the group, 
consistent with the earlier observations with respect to SO, we reported in November 1986. 
The former is a particularly surprising finding, because it demonstrates airflow obstruction in 
asthmatic children associated with SO, exposure levels one to two orders of magnitude less 
than previously observed for acute exposures in adults. 

OBJECTIVE: 

To evaluate the hypothesis that chronic low-level exposure to air pollution is associated with 
the severity of asthma in children. This was carried out in three steps: 

1 ■ Using data combined from the two previous studies, three groups were identified from 
the cohort: "asthmatic": "wheezy"; and "neither asthmatic nof wheezy" children, as 



determined from responses to the health questionnaire. 

2. Cross-sectional analysis was carried out to determine whether pulmonary function in 
each of these groups is affected by air quality in a given year, and whether the effects are 
different for each group. 

3. Longitudinal analysis was used to describe the changes in pulmonary function over 
time in each group, and to determine whether these changes are associated with differences 
in exposure to sir pollution over the same time. 

METHODS 

The methods used for obtaining environmental and epidemiological field data as well as the 
data analysis techniques, have been described in the Final Reports of the three previous 
projects, as well as in previous publications (10,1 8,19,20). Methods which differ from those 
previously used will be described here. 

Creation of New Variables 
Environmental. 

For each Period, exposure values (yearly average) for TSP, FF, CF, and SO, had been 
computed separately for each child, and exist as data variables on the data files. For the 
longitudinal analyses it was necessary to calculate exposure values for the whole period of 
study, i.e. Periods 1 to 5. Thus the Period 2 exposure would relate to growth between Periods 
1 and 2, Period 3 to growth between 2 and 3, etc. Thus a single value for exposure to be 
used in the PBriod 1 -5 analysis was obtained by taking the sum of the exposures in Periods 
2,3,4 and 5 (e.g. TSP,. S = TSP 3 + TSP, + TSP, + TSP 5 ). 

Epidemiological. 

For each pulmonary function variable of interest, for each analysis group and sex, data were 
extracted from the combined file to give a value for each child obtained in each Period of data 
gathering. Thus for most children there were, for example, five observations of height, FVC, 
etc. which were separated in time by intervals of varying length, and so the date of the test 
for each measurement was also extracted, to obtain the time elapsed between tests. A linear 
regression model of pulmonary function on time was fitted to the five data points, and the 
slope coefficient was tested to determine whethei it was different from zero (p < 0.05). A 
set of data were created for each child which included a code for significance, and the values 
of the slope and intercept of the regression. These data, for all pulmonary function variables 
of interest were output in a file which was then recombined with the original data file, and 
subsequently used as new dependent variables. This represents the first stage in the type 
of analysis described as the "Standard Two-Stage" or "STS" by Feldman (25). 

Creation of groups 

For each child, 3 additional new variables were created; "NORMAL", "WHEEZE*, and 
■ASTHMA". If a child had been coded as having had asthma (Q4 in Periods 1,2,8i 3, 
ASMANOW in Periods 4 & S) during any of the Periods, the ASTHMA variable was set to a 
value of '1 ', otherwise it was '0'. If a child had been coded as having had a wheeze (Q3 or 
WHEEZY) during any of the Periods, and had nsi been coded as having asthma during any of 
the Periods, the WHEEZE variable was set to T, otherwise it was '0'. And finally, for those 
children who had not been coded as having either asthma or wheeie during any of the 
Periods, the NORMAL variable was set to '1 ', otherwise it was set to '0'. The new variables 



were included in all 6 main files: the 5 cross-sectional files (Per 1 . Per 2. Per 3. Per 4, and Per 
5), and the longitudinal file (Par 1 -SI. 

The assumption underlying the design of this study was that asthmatic or "wheezy" children 
were more likely to experience a decrement in pulmonary function as 8 result of a chronic 
exposure to air pollution, than would children not expressing these symptoms, i.e., "normal" 
children. It was also assumed that those characteristics which would make these children 
more sensitive would be present during the whole period of seven years that we followed 
them. Thus at any given Period, a child in the ASTHMA group, for example, may not 
necessarily express that symptom or descriptor during that period, but we assumed that they 
were still more sensitive than a normal child to the effects of air pollution. This assumption 
was based on results of the cross-sectional study 128). If this assumption held true, then for 
a given cross-sectional analysis in any Period, the sample size for the ASTHMA group would 
be larger than that for the children who expressed asthma only for the year previous to testing 
in that Period. 

in Period 2 we had the largest number (3471 of children who, to our knowledge ever had 
asthma over the 7-year period we followed them. In that Period, however, only 131 children 
were said to have had asthma in the year prior to our testing them, 

ThrBe sets of new sub-files were created from each cross-sectional file (except Per 1) which 
contained only children (both sexes) from each group, i.e. ASTHMA, WHEEZE, or NORMAL, 
and which included selected pulmonary function and questionnaire variables, together with 
the relevant exposure variables. Thus 1 2 sub-files for the cross-sectional analysis were 
created. For the longitudinal file (Per 1-5), because of the size of the file, the 3 groups were 
separated into males and females, giving S sub-files. The variables selected for analysis from 
the Per 1-5 file were the slopes, intercepts and significance variables, some selected 
questionnaire variables, and the longitudinal exposure variables, 

Statisti cal An alyses 

Statistical analyses were performed using the statistical package SAS-PC I26), implemented 
on a Hewlett-Packard computer (Vectra RS 20C). These included descriptive statistics, 
comparison of sample means and comparison of observed with expected frequencies, as well 
as stepwise multiple regression analysis. Comparison of sample means was carried out using 
the procedure of analysis of variance. For this purpose new binary independent variables were 
created to represent the air pollution variables. This was done by determining for the cohort 
as a whole the median value for exposure of a given pollutant, and for each child setting the 
value of the new variable at "1 " if the exposure for that child was equal to or greater than the 
median value, and "0" if the exposure for that child was less than the median for the Period 
under study. For each pollutant, and for each Period, the median of all of the 1 2-month mean 
values of calculated exposures is given in Table A. 



Table A, MEDIAN EXPOSURE 



Period 


CF 


FF 


TSP 


SO, 




ug/m3 


ug/m3 


ug/m3 


ppb 


2 


42.5 


45.4 


61.5 


10.6 


3 


39.4 


45.9 


46.4 


9.2 


4 


46.8 


52.2 


47.1 


11.6 


5 


39.0 


44,6 


45.7 


6.8 



Cross-sectional Analyst* 

The mean value of (he pulmonary function variable of that part of a group of children (e.g. 
ASTHMAI whose exposure was equal to or above the median was compared to that of the 
part whose exposure was below the median. Using this technique the influence of each 
pollutant on pulmonary function was determined separately. This provided a simple test of 
limited sensitivity as a preliminary stage in the analysis. 

In the second stage of the analysis the effect of one or several independent variables on a 
continuously distributed dependent variable was performed by multiple regression using SAS. 
The conventional level for statistical significance (that is. the probability that the association 
may have occured by chance, or "alpha") taken in this report is 0.05. 

Longitudinal Analysis 

For each pulmonary function variable of interest, stepwise multiple linear regression analysis 
was carried out in the "wheeze" and "normal" groups only, using slope or intercept of the 
regressions of the 5 Period values of that variable as a function of time las described above) 
as the dependent variable in those children in whom the longitudinal regression was found to 
be significant, the others being declared "missing" for the purposes of this analysis. The 
independent variables used in this analysis were: Period 2-5 TSP. FF, CF. SOj (as continuous 
variables), and Period 2 maternal smoking and gas stove use, as well as self-smoking in 
Periods 4 or 5 (all the latter as binary variables). 

RESULTS AND DISCUSSION 



We have from our cohort of 3579 schoolchildren, 3 groups, identified as ASTHMA, WHEEZE 
and NORMAL on the basis of response to a symptom questionnaire. The children were 
studied on 5 occasions over a period of 7 years, during which their exposure to air pollution 
was also measured. From these, 1426 children had valid measurements at all 5 occasions. 

Analysis of pulmonary function datacross-sectionally showed that both the ASTHMA and the 
WHEEZE groups showed statistically significantly increased airflow obstruction when 
compared to the NORMAL group. Analysis of the data longitudinally showed that the 
ASTHMA group differed significantly from the NORMAL group in the rate of growth of 
pulmonary function. 



Cross-sectional analysis 

Neither the ASTHMA group nor the WHEEZE group showed the strong and systematic 
associations of air pollution with reduction in pulmonary function that were expected from 
year to year; there were, however some reductions in pulmonary function found to be 
associated with elevated exposure to SO, and CF. 

The NORMAL group showed the most consistent negative responses both to the exposure 
to the effects of maternal smoking, and to the exposure to FF and SOj. These findings, taken 
together, suggest that for a cross-ssctional analysis, if there is an increased sensitivity of 
children with asthma or wheezy breathing to the effects of air pollution, the inherent variability 
of airway function in these children, compared to children without these symptoms, tends to 
make its effects difficult to demonstrate. In addition, we have confirmed earlier observations 
of the association of diminished pulmonary function with increased exposure to aerosol 
particles in children, and have added to these new evidence of the association of diminished 
pulmonary function to increased exposure to SOj in female but not male children. 

Longitudinal analysis 

A major objective of this study was to take advantage of the fact that measurements were 
available on 5 occasions over a period of 7 years in over 1400 children, with accompanying 
air quality data. An opportunity existed to examine the growth of pulmonary function in these 
Children, and to determine whether air pollution had an influence on growth, and whether 
children with asthma were at a greater risk than children without asthma of any negative 
effBcts of air pollution on growth of pulmonary function. 

Stepwise multiple linear regression analysis of the WHEEZE and NORMAL groups yielded 
mixed results, showing negative associations between rates of growth of pulmonary function 
and CF. but positive associations with FF and TSP. Further analysis needs to be carried out 
to gain an understanding of this phenomenon. 

Figures 1 and 2 show that there are negative effects of exposure to CF and SOj on the 
growth of pulmonary function in children with asthma. Figure 3 shows that both children 
without asthma as well as children with asthma suffer a reduction in pulmonary function 
associated with increased exposure to CF. but that the growth of PF is least in asthmatic 
children with increased exposure to CF. In all cases in the ASTHMA group where statistically 
significant associations were o bserved between rate of growth and air pollution, they wer e 
negative: i.e., a reduction in rate of growth associated with an increase in air pollution 
exposure. 



CONCLUSIONS: 

1 . Three groups of children were identified; ASTHMA, WHEEZE and NORMAL; and it was 
found that significant differences In pulmonary function measurements ware observed 
between these groupe. Children with asthma showed a reduced growth of pulmonary 
function, over a 7-year period, compered with normal children. 

2. Cross-sectional analysis of data in the ASTHMA group showed no greater sensitivity 
to air pollution than shown in asthmatic children from previous analyses of date from this 
study. NORMAL children, however showed significant decrement in pulmonary function in 
association with higher levels of exposure to FF, SO,, end maternal smoking. 

3. Longitudinal analysis showed consistent reduction in rates of growth of pulmonary 
function associated with elevated values of CF and SO, in the ASTHMA group, as well as a 
reduction in growth of pulmonary function associated with elevated values of CF in the 
NORMAL group. The WHEEZE and NORMAL groups also showed some increments in rates 
of growth ataociated with FF and TSP that require further analysis to assist in their 
interpretation. 

FIGURE 1 



3J0 



CF MOVE KD 

IZZZ3 



FIGURE 2 

CF EXPOSURE AND LUNG GROWTH 

IN CHILDREN KITH ASTHMA 



GBWTH Of PULHOKART FN <L/yr> 




HALF. FYC KALE FEV1 HALF. PF FEX. FYC FBI FEY 1 FEU. Pf 

PULMONARY FUNCTION VARIABLES 



«HMI 






FIGURE 3 

CF EXPOSURE AND LUNG GROWTH 

IK NORMAL & ASTHMATIC CHILDREN 



GROHTH OF PEAK FLOK <L/yr> 



i 



1 






I09UI. HUE IONL FBWLE «TrtU HUE ASTHW FEHUE 

NORMAL PEAK FLO* ASTHW 



REFERENCES 

1. Mm Y: Sernenciw R: Morrison H; MecWiHiem L: D*vi*» J; Wigle D Increased rate* at iHneee end death from asthma 
In Canada. Can Mad A« J. 1987 Oct; 137: C20 24 

2, Eaqutbel KP; Foster Cft; Gamier VJ; Saunders ML A program to help asthmatic students reach their potential. Pubfoc 
Health Rap 1 984 Nov Dec; 96(6): 000-9 

3 Eiri*-EF. Aathma in chtJdhood. J Allergy Cfin Immunol 1983 Nov; 72(5 Pi 2',: 526 39 

4. Martin AJ. McLennan LA. Landau LI, Phelsn P0. The natural history of childhood asthma to adult lire. Br Mad J 1 980; 

200: 1397*400. 

6. Speight ANP. Lee DA. Hey EN- Underdiag.no*!* end undoriraatment of eethma in childhood. Br Mad J 1983; 
280:12530 

8_ Scadding JG_ Definition and clinical categories of aathma. In: Clark TJH, Godfrey S. ed*. Asthma: 2nd ed. 

Cambridge: Chapman and Hail Ltd, 1 983; Mt. 

7. Lea DA, Winekrw NR. Speight ANP, Hey EN. Prevalence and spectrum of aathma in childhood. Br Mad J 1983; 
288:1256-6-. 

8. Saare MA. Epidemiology of asthma. In: Petty TL, Fleniey DC. ede. Recent advances in respiratory medicine • 4. 
Edinburgh; Churchill Livingston* 1988; 1-11. 

A. Britton WJ, Woolcock AJ, Pset JK. Sedgwick CJ, Lloyd DM, Leader SR. Prevalence of bronchial hyperresponsivenee* 

in children. The relationship between asthma and skin reactivity to allergens in two communities. Int J Epidemiol 

1988; 15:202-9. 
10. Kerigan AT, Goldsmith CH. Pengelly LD. A three-year cohort study of the rot* of environmental factors in the 

respiratory health of children in Hamilton, Ontario. Am Rev Respir Di* 1 988: 134:987-93. 
It. Schenker MB; Samet JM; Speizer FE Risk faclore for childhood raapiratory disease. Ths affect of host factors and 

home environmental exposure*. Am R*v Raspif Dj* 1983 Dec; 128(01: 1038-43 

12. Knot A; Bum R,- Evan* N; Lenney C; Lenney W. Seasonal variation and time trend* in childhood aathme m England 
and Wales 1 975 8 1 . Br Med J [Clin Res] 1984 Jul 29; 289(8439): 236-7 

13. Woolcock A J; Peat JK; Leader SR; Blackburn CRB; ads. The development of lung function in Sydney children: effects 
of respiratory illness and smoking, A ten yew study, Eur J Respir Di* ISupplI 1984: 132: 1 -137 

14. Anderson HR; Bland JM; Petal S; Peckham C. The natural history of aathma in childhood. J Epidemiol Community 
Health I960 Jun: 4012): 121-9 

1 5_ Ssara MR; Jons* DT; Hr>ldaw*y M0; Hewitt C J; Fiennery EM; Harbison GP; Silve PA . Prevalence of bronchial reactivity 

to inhaled methacholina in Navy Zealand children. Thorax 19BQ Apr; 41(4): 283 9 
10. Beckiak* MR; Soucie J: Gibbe GW; Ghezzo H. Raapiratory health status of children in three Quebec urban 

communities: An epidemiologic study. Sufi Europe Phveiopaih Rasp 197B; 14" 205-221 

17. Inlante fttvsrd C; Esnaola S; Roberge D, Beumganen M. Childhood asthma: is the incidence increasing? labstrl Am 
J Epidemiol 1980; 124: 536 

18. PengeHy LD, CH Goldsmith. AT Ksrigen, W Furlong, and SA Topfacfc. The HamHton Study: Estimating exposure ( D 
ambient suspended panicle*- J.Aw, Poll. Cony. As*. 37; 1421-1428, 1987, 

19. Pengelly, L.D . A.T.Kerigan, C H. Goldsmith, and E.M.Inman. The Hampton Study; Distribution of factors confounding 
the relationship between air quality and respiratory health. J. An Poll. Contr. Assn. 34; 1 039-1 043. 1984. 

20 Pengelly LD. CH Goldsmith, AT Kerigan. W Furlong, and SA Taptack. Ths Hamilton study: Effect of pankta tin on 

respiratory heellh in children. In: Aerosol*; Eds. SD Lee, T Schneider, LD Grant, and PJ Vertcerk: Chapter 57, pp, 763- 
708. Lewis Pubeehers, CheUea, Mich.. USA; 1988 

21 . Pengelly, L.D., W.F. Furlong. CH. Goldsmith, S.A.Topleck, end A T. Kenyan. The Hamilton Study: Indoor /Outdoor air 
quality relationship* for home* end elementery school*- Proc. (In-t Spec Conf . on Indoor Air Quality in Cold Climate*!, 
Air Poll .Conir.Asp TT-? Ctee. Ottawa, Canada: Apr 28-May 1, 1985, 

22. Kerigan, A.T. end L.D. Pengelly; CH. Goldsmith; B.K. Garside. The effect of environmental factors on the respiratory 
health of schoolchildren in Hamilton. Health and Welfare Canada Project 6800-1 752-63; Ontario Ministry of the 
Environment Air Research Branch Project 20; Final Report; June 30, 1983- 

23. PengeHy, L.D., end C.H. Goldsmith. Effect of the environment on asthma in children, Proc. IOnl.Min.Envt. 
Tech. Transfer Conf.); Toronto, ON. November 2B 29. 1988. 

24. Kerigan, A.T., L.D. Pengelly, and C H. Goldsmith. Role of environmental factors in the development of chronic lung 
dieaae* in smoking and non-amoking adolescents. Health and Welfare Canada Prgject 8008-21 07-53; Ontario Ministry 
of Health Public Health Grant CHS R04: Ontario Ministry of the Environment Policy and Planning Branch Research 
Project 1 19PL: Final Report (92 pp + Appendiceal November 30, 1980. 

26. Feldman. HA. Families of Imes: random effects in linear regression analysis. J. Appl. Physio!. 04(4): 1721-1732; 1986. 

20. SAS Users' Guide. SAS !n*rnur* Inc. SAS cwcla. Sox 8000, Cery, NC 27S12-8OO0. 1987. 

27. Pengelly, L.D., CH. Goldsmith, and A.T.Kerigan. The Hamilton Study; Tha effect of fine particle* on the respiratory 
health of e cohort of young people. (Analysis of new data and integration with previous data.) Ontario Ministry of the 
Environment; Policy and Pfenning Branch Research Project 283PL; Final Report 1989-03-16; March 15, 1 689. 

28. Pengelly, L.D. , A.T.Kerigan, and CH. Goldsmith. Sensitivity of children with e»fhm* to chronic low-level sulphur dioxide 
SKpoeure, In: Mem and h» Ecosyetem; Eds. L.J.Braaser end W.CMulder. Volume 1: pp 7-17, 1989 

332 



SURVEY OF COMMUNITY ACCEPTANCE OF AIR CONDITIONER 

NOISE 

J.S. Bradley 

Institute for Research in Construction, National Research Council, Ottawa. Canada. Kl A 0R6 

Introduction 

This paper is a brief summary of a survey of the subjective disturbance due to outdoor residential 
air conditioner noise. The survey included noise measurements of ambient and outdoor air 
conditioner noises as well as interviews of 550 subjects in the Metropolitan Toronto area. 
Measurement sites were chosen to incfude subjecls from the four combinations of high and low 
ambient noise, as well as owners and non-owners of air conditioners. All sites consisted of 
detached single family homes with some of [he homes having outdoor central air conditioning or 
heal pump unils. 

Noise measurements included 30 second integrated A-weighied sound levels measured at the 
following locations: at 6 feet from the air conditioner source, at the neighbour's property line, at 
the facade of the neighbour's house, and at the neighbour's outdoor patio area. Day, night and 
24 hour A-weighled L,^ measurements were made of existing ambient noise levels near to the 
road in front of (he subjects homes. Subjective responses were obtained by interviewer- 
administered questionnaires in the homes of subjects living next to owners of air conditioners. 
The questionnaire included a few initial open questions but consisted mainly of questions to 
directly elicit the frequency of hearing various noises and the subject's annoyance to these 
noises. Questions were asked concerning road traffic noise, train noise, aircraft noise, and air 
conditioner note* for conditions when the subjecls were both inside and outside their home in the 
day-time or the night-time. Thus, ihere were eight different questions about each of the four 
types of noises. 

Table 1 summan/.es the means and standard deviations of the measured noise data. Table 2 
includes information concerning the subjecls in the survey. Forty- four percent of the subjects 
were male and 56% were female. 



Air ComliUuner Noise 


Mean 


Std Dev 




Variable 


Mean 


StdDev 


Source level. dIK A) 


64.3 


3.0 


No. adults 


2.33 


.91 


Property line level, dll(A) 


60.1 


4.8 




No. young people 


1.07 


1.37 


Facade level, dfi(A) 


583 


4.7 




Age 


40.74 


13.02 


l'atio level. dBfA) 


55. s 


3.9 




Family income $45,900 


$24,400 


Background level. dB(A) 
Ambient Noise levels 


53.5 


J.9 




Yeats of education 


14.31 


3.59 
















Table 2. Summary 


of socio-economic 


Day-time [ dfWAI 
Ntghi-iime 1, dlt(A) 
24 hourly, dB(A> 


61.2 


V? 


survey variables. 






54.5 


V5 








59.7 


3.2 
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values. 



Summary of measured noise level 
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Figure 1 . Percentage of subjects hearing 
air conditioner noise versus property 
line signal/noise ratio. 
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Figure 2. Percentage of subjects annoyed by 
air conditioner noise versus property line 
signal/noise ratio. 



Grouped Responses 

Subjective responses were generally most strongly related to air conditioner noise levels at the 
property line. Grouped data were created by dividing the subjects into eight groups according to 
A-weighted noise levels at the property line with each group having a 3 dB(A) range. The 
percentage of subjects reporting hearing or being annoyed by various noises was then calculated. 
These group scores concerning the frequency of hearing and annoyance to the noise of the 
neighbour's air conditioner were strongly correlated with noise levels at the property line. The 
frequency of hearing the neighbour's air conditioner related linearly to the measured air 
conditioner noise levels at the property line; the frequency of annoyance related best to the cube 
of the noise levels at property line. 

Responses were more strongly related to the amount by which the air conditioner noise exceeded 
the background noise with the air conditioner turned off. This level difference is referred to as 
the air conditioner signal/noise ratio. Figure 1 plots the frequency of hearing the noise of the 
neighbour's air conditioner versus this signal/noise ratio for air conditioner noise measurements 
at the property line. Responses are approximately linearly related to the signal/noise ratios; air 
conditioners were heard more frequently when outdoors, and tended to be heard more frequently 
during the day-time. Figure 2 shows the frequency of annoyance to be more closely related to 
the cube of the signal/noise ratio measured at the property line. Again, there is a tendency for 
outdoor responses to be higher than indoor responses and for day-time responses to be higher 
than night-time responses. 



Individ 1 1, 1 1 Responses 

When individual subject responses were considered, again significant relationships with 
measured air conditinnei Boise levels were obtained, but the magnitude of the correlation 
coefficients was guile small. Both the use of composite response scales and the exclusions of 
low signal/noise data were used in try in improve Die magnitude of these correlations, with little 
success. The correlations were low because in many cases the air conditioner noise was not 
much greater than the existing ambient noi.se. This led to two problems: (1) in some cases, 
subjects would nut be able to hear iheir neighbour's air conditioner and so could not accurately 
comment on it; and (2) il was often difficult lo measure ihe air condilioner noise accurately. 

Responses were again found to be more strongly correlated with signal/noise ratios than the 
actual measured aii- condilioner noise levels, and correlations were strongest with the cube of the 
signal/noise ratios. Figure 3 shows the best fil regression lines versus ihe cube of the property 
line signal/noise ratios for outdoor day-lime responses. These and other similar plots show little 
effect of increasing air condilioner noise below signal/noise ratios of approximately +5 dB( A), 

Site Variable Effects 

Analysis ol variance tests produced significant main effects of both site ambient noise levels (as 
measured by 24 hour L ft] values) and ownership of an air conditioner. Although owners and 
nnn-ownei.s hud similar ,ilr conditioner noise exposures, non-owners were more disturbed. The 
difference in ihe mean responses for owners and non-owners was equivalent to an approximate 
7 dB( A) difference in property line air condilioner noise levels. 

When subjects were divided into low (mean 24 hour L t „ 57.4 dB(A)) and high (mean 24 hour 
L CL . 62.6 dB{Aj) amhienl noise siles, subjects al higher amhieni noise- sues were less disturbed 
by the noise of Iheir neighbours air condilioner. Rgure 4 plots ihe best-fit linear regression lines 
for reported hearing of the neighbour's air conditioner while outdoors during the day-lime versus 
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FigureS. Best-fit regression lints for indoor 
day-time responses versus property line 
signal/noise ratios. 
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the air conditioner noise level at the property line for high and low ambient noise sites. The two 
(egression lines are approximately parallel and separated by about 5 dB{A). This corresponds to 
the difference in mean 24 hour I™ values for the two groups. Thus, the effect of ambient noise 
on responses is again explained by^a signal/noise effect. For similar air conditioner noise levels, 
at higher ambient noise sites there will be lower signal/noise ratios and hence less disturbance by 
the air conditioner noise. 

Conclusions 

Individual and grouped adverse responses to residential air conditioner noise arc most strongly 
related to the amount by which the air conditioner noise exceeds the existing background noise 
levels (termed the air conditioner signal/noise ratio in this paper). Subjects at higher ambient 
noise sites are less disturbed due to lower signal/noise ratios. Owners of air conditioners are less 
disturbed by the noise of their neighbour's ail conditioner by an amount equivalent to an 
approximate 7 dB(A) difference in air conditioner noise levels. 

Below air conditioner signal/noise ratios at the property line of about +5 dB(A), there is little 
evidence of disturbance being related to air conditioner noise levels. Similarly, adverse 
responses do not increase with air conditioner noise level at the property line below 
approximately 50 to 55 dB(A). 
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I1KVI I.OI'MKNT OF AN AlKBOKNF. VIDEO IMAGE-BASED MAPIJi DIXI.INK INDEX 

D.J, King' and X.P Yuan" 

SUMMARY 

Research nn quantitative analysis ot airborne digital multispecmd vidcography for sugar maple decline 
asscssmem commenced in IVH1. Preliminary methodology was developed which uiih/ed both spectral and 
lextural image characteristics of individual tree crowns in [tic determination of decline. A linear decline index 
combining both of these was levied and results agreed well with MOE field assessments on a plot -by-plot basis. 
The objectives of the current phase of this research are lo ii determine the best relationships between selected 
image speciral/textural measures and ground-based decline symptoms for individual trees , Ii) determine the 
relative accuracy and cosi -effectiveness of ihe video method through comparison with MOFi results, and iii) 
refine the data act|uiMlion .old analysis Icchiiicjucs. Data acquired in August 1991 are presently being analyzed 
to achieve these goals. 

' Dcpt. of Civil Engineering, Rycrson Polytechnieal Institute, Toronto MSB 2K.t, 
"Peiawawa National poresi Institute. Chalk River. Ontario KOJ 1JO. 






INTRODUCTION 



Sugar maple ( Acer sacchatuni l decline has become a severe problem in Quebec and northeastern American 
fortsi regions in rectal years due to several causal agents (Mcllveen el al. l9K9i. In Ontario, assessment of 
maple decline has been conducted at 110 test plots by (he Ontario Ministry of Environment since ls«5. 
Individual trees are visually evaluated by field crews for evidence ol decline symptoms such as chlorosis, 
undersized leaves and dead branches. This ground-based methodology is limited by: i) the subjectivity of 
visually estimating proportions ol tree crowns exhibiting decline symptoms, and ii) by the nature of sugar 
maple decline which usually begins in Ihe uppermost pans of the crown and progresses downwards. 

All allernative lo ground based assessment is I emote sensing which provides both a vertical view of tree crowns 
from above and digital image data whis Ii van he quantitatively and objectively analysed. Decline symptoms 
are manifested in large scale airborne muluspeciral imagery in two ways: i | through changes in crown spectral 
reflectance (or image brightness) in the visible and near-IR regions of the spectrum, and ii) changes in crown 
texture (spaiial variation of image brightness within each crown) due to changes in leaf orientation, proportion 
of shadows, exposed branches and background reflectance contribuiions, The principal limitation of remote 
sensing for decline assessment is thai only dominant and co-dominant trees tan he assessed. 

Multispeciral video imaging, a recenih developed remote sensing technique, has proven to be useful in many 
forest applications using boih analogue and digital image analysis methods (King and Vlcck I99Q; King lOSX, 
Yuan el al, 1987). In particular, large scale video can provide a close view of individual irec crowns at a 
fraction of the cost of multispeciral scanning or ground surveys. 



PKKVIOIIS Kl'.SUI.IS 

In ls>H7, research was initiated lo develop a video-based maple decline index which incorporates hold image 
spcciial and leuutal characteristics of individual tree crowns. The methodology and results were described 



in detail in Yuan eial. ([991) and Vleekceal. (19&9). Figure I shows an example of the varialions in crown 
image brightness in four spcclral bands tor selected irecs ranging from healthy 10 severely declining. 
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Figure I. Spectral comparison of five maple trees. 

Figure 2 shows an example of crown tcnural differences between a healthy (left) and declining (right) tree in 
the green band. The proportional increase in standard deviation of the pixel values is greater than the 
proportional increase in the mean brightness of the crown. 
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Figure 2. Spatial distribution of pixel grey levels in a 9x<J window of a healthy a severely declining tree crown 
in the 530-570 nm band. 

In imagery of six MOE plots, several spectral and lexlural variables were evaluated for iheir relation to air 
photo-interpreted decline parameters. A linear model shown below (1) was proposed which included ihe 
second principal component in 4. band video imagery and a second order, co-occurrence mairix texture measure 
termed 'Contrast'. In the model, these measures are determined for each selected tree and compared to the 
same measures for a healthy reference tree nearby. The use of a healthy reference Iree permits between plot 
comparisons since growing conditions for sugar maple vary from site to site 



m = w, + a, S, + i,T, (J) 

where: Dl = decline index for a sampled tree 

Sj = spectral distance between ihe sample*) nee and 

the reference (healthy} tree 
Tj — iLXlurt diManiv bulWL'cn thi_ sampled Tret' anil 
the reference (healthy) tree 
a^a,^, = regttsMon coefficicnu 

Comparison of she decline inde* with MOEi ground-based indei was only possible on a plot-by-plot basis 
because it was too difficult to match individual trees in the video images with numbered MOE trees at each 
site However, a ranking of decline of the six pfois matched very closely with the ranking of the MOE index. 
The objectives ol this phas*: of the research are to: i) determine the best relationships between image 
parameter and ground decline indo parameters uvmg data from individual ireev ii) compare video-based 
individual tree decline assessment wliH MOE-. Jield assessments fot relative accuracy and coM-efFeeiivenau of 
ihe video method, and iii) refine the data acquisition and analysis methodology, 

METIIODOIjOCV 

Airhm in dala acquisition for decline assessment acquired in mid- to Laie August art presently being analyzed 
v> results are not yet available. Consequently, the description below is of the preparation for. and acquisition 
of airborne mtill^peciral videogiaphy, 

Sue selection 

F-'our Mies near Peterborough were selected based on decline and site data given in the 1986 to 1990 MOE 
•■ufiar maple decline reports (Mcflveen el al. 19X9. Ecological Services for Planning Inc. 1989; Beak 
Consultants 1991). The principal criteria for site selection were that they had lo: i) represent a range of 
decline levels front healthy (Dl < 11) to poor (Dl >20). n) have relatively siahle decline indices during (he 
last ihtee years, in) be siluaied lairlv close (o each other in the same physiographic region, iv) have similar 
soils characteristics (similar lex lure, good depih in carbonates and low MOOkMM) and slopes (being as close 
10 flat as possible), and v) have been Irce from inseei delohaiion in the last three years. 

Siie Visits 

Initial site visits were made in late June lo evaluate ihe suitability ol each lor airborne remote sensing 
coverage. Tree crowns which would he visible lo a camera system directly overhead were identified. 
Photographs n I each suitable tree were taken to aid in tree identification in Ihe video imagery. En addition. 
reference targets such as water, quarries and roads which were on the (light path for each site were identified. 
These will he used lo notmalUc ihe data for varying illumination characteristics. 

Bight prcpa tjh-m 

Bight preparation included the following: I) acquisition of narrow bandwidth spectral fillers (blue; 445-455nra, 
green: 54S-S55nm, red.- w>.S.675nm and near infrared: (795-SH5nm>) based on literature review and previous 
experience, in relations! alignmeni of ihe four cameras in the camera mount, iii) determination of (light 
ahiiude (fit Mm above ground level) foi suitable resolution ol individual Iree crowns while minimizing image 
motion, and iv) layout ol flight lines on 1:50,(110 topographic maps for coverage of sues as well as reference 
targets. Flight lines were selected to he south to north following ihe road network to simplify aircraft 
navigation and minimize illumination-new angle variations across, ihe images. 

Data aciiuisilio n 

The flight was conducted August 23, ]W| hetween 12:30 and 14:00 EST. Three sites were in full sun 
illumination. Al each siie a crew placed two red inflatable balloons bevidt- pre 'determined uees and 
moniiored iheit position during flyover. The hallixins were not visible from ihe ait as had been hoped for 



t» 



navigational purposes. However, two sites were tiill completely covered by Use videography and 35mm stereo 
photography which was acquired simultaneously. One site was partly covered and the other which was under 
cloud shadow was missed by about 20m. Beak Consultants of Brampton, Ontario (the current MOE 
contractor for decline assessment) evaluated the four sites within one day of flyover using the standard MOE 
decline index method. 

Pala Processing 

The video data for each site and several reference targets were digitized at 512 x 480 pixel density using a 
frame grabber. This produced a digital image ground pixel sire of 0.48m x 0.38m, The balloons are distinctly 
visible in the red band images and In the 35mm photos. Currently, enlargements of the 35mm photos for each 
site are being analyzed to determine the MOE numbers for individual trees and identification of the tree in 
the video images is being conducted. 

Future Wort 

In the period of Oct. 1991 -Mar. 1992, the following wilt be conducted: i) normalization of data for different 
plots using reference target brightness distributions, iii) determination of the image spectral and tcxtural 
measures within delineated windows in each tree crown, iv) decline index determination for each tree, fv) 
statistical comparison of image measures and decline index with ihe corresponding ground-based decline 
measures, and v) analysis of the accuracy and cosl-eftecttvencss of (he viueography method relative to the 
ground-based method. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the funding of the Ontario Ministry of Environment and the con Iribuiions 
of David McLaughlin of the Air Resources Branch, Phyiotoxicology Section. 

REFERENCES 

Beak Consultants Inc. 1991. Sugar maple decline status in Ontario 1990. Onl. Min. of Env. publication. 
in Press . 

Ecological Services for Planning inc. 1989. Changes in the decline status of hardwood forests in Ontario: 
1986 to 1987. Ont. Min. of Env. publication ISBN 0-7729.6254-5. 56pp. 

King, D. 1988. Development of a muliispecira! aerial video system and iis application in forest and land 
cover type analysis. Ph.D. dissertation, Faculty of Forestry. University of Toronto. Toronto 
Canada M5S 3B3. 296 pp. 

King, D. and J. Vlcelt. 1990. Development of an airborne mujtispectral video system and its application 
in forestry. Can. J. Remote Sensing 16(1): 15-22. 

Mcllveen, W.D., D.L. McLaughlin and R.W Arnup. 1989. A survey to document the decline status of 

the sugar maple forest of Ontario: 1986. Onl. Min. of Env, publication ISBN 0-7729-6253-7. 

22pp. 

Vlcck, J., D. King and X. Yuan. 1989. Final report on determination and evaluation of aerial video and 
photographic maple decline index, Ontario Ministry or Environment contract A0552I 33pp. 

Yuan, X.. D. King. F. Cadeau, and J. Vlcek. 1987. Mullispectrsl video survey of a northern Ontario 
forest. Proc 53rd meeting ASPRS Baltimore, Md. pp. 140-147. 

Yuan, X„ D. King, and J, Vlcck. 1991. Sugar maple decline assessment based on spectral and tcxtural 
analysis of multispectral aerial vldcography. Remote Sensing of Environment 37(1): 47-54. 



M0 



UPTAKE, EFFECTS AND DISTRIBUTION OF NAPHTHALENE AND NAPHTHOL IN 
VEGETABLE PLANTS FOLLOWING FOLIAR AND ROOT EXPOSURE. B.A. Hale and D.P. 
Ormrod, Department of Horticultural Science, University of Guelph, 
Guelph, Ontario NIG 2W1. 

The phytotoxicity and potential for contamination of vegetables by 
organic compounds of industrial origin is of increasing concern to 
members of both public and private sectors. While a considerable data 
base on the uptake and accumulation of agricultural organic chemicals by 
vegetation exists, thesimilar data base for industrial organic compounds 
is scanty. The information on agricultural chemicals cannot ba readily 
transferred to industrial contaminants, as the molecular characteristics 
of the two groups of compounds are quite different. The uptake of 
organic compounds from soil or air by plants is dependent on numerous 
parameters, including the size and water solubility of the compound, and 
the tendency of the compound to adhere to soil particles. For the 
purposes of risk analysis, it is desirable to determine dose-response 
relationships describing the growth response to and tissue accumulation 
of organic pollutants, relative to various environmental parameters. 
This paper describes preliminary results of a study, the objectives of 
which are to relate foliar and root exposures of various vegetable 
species to naphthalene/naphthol, to growth and tissue concentration 
responses, as they relate to soil type. 

Seeds were sown in either Promix BX (high cation exchange 
capacity), a mixture of sand and Promix BX (low cation exchange 
capacity) or a mixture of vermiculite and Promix BX (medium cation 
exchange capacity) , at a rate of three seeds per pot. The pots were 
then placed in a controlled environment chamber which delivered a 
day/night temperature regime of 25/2CTC, each for 12h, canopy level 
photosynthetically active radiation at 325 ME m ; s 4 for a 16h photoperiod 
and 70* relative humidity. Following covariate measurement, the plants 
were placed in exposure cubes with environmental conditions similar to 
those in the controlled environment growth chambers. Two ml of naphthol 
or naphthalene in ethanol were applied to the soil; plants were 
harvested on the third day after application of the contaminant. Foliar 
injury, as well as fresh and dry weights of shoot (divided into stem, 
leaf and hypocotyl where applicable) and leaf area were assessed on the 
plants. Exposure of shoots to air containing naphthalene was 
accomplished by constructing large permeation tubes through which air 
was passed and then metered into the main air stream entering the 
exposure chambers. Alteration of the rate of air flow through the 
permeation tube with a flowmeter controlled the concentration of 
naphthalene in the chamber. Determination of exposure concentration was 
by gas chromatography, using manual injection; samples were taken hourly 
during the five days of exposure. At the end of the exposure, analysis 
of naphthalene concentration in plant tissues was determined; since the 
tissue was not washed prior to analysis, the values represent surface 
adsorption as well as absorption. The experimental design for the soil 
exposure was a partial central composite, with seven contaminant 
concentration/soil CEC combinations. The central treatment (CEC=med, 
naphthol/naphthalene concentrations" mg/1) is repeated twice for each 
replication of the other points, in order that all areas of the response 
surface have approximately equal estimates of variance. The treatment 



means were summarized by polynomial functions in the second order for 
both factors, including an interaction term. 

The growth of radish, tomato and swiss chard declined in response 
to napb.th.ol applied to the soil, but the severity of the growth 
reduction was more closely related to the cation exchange capacity (CEC) 
of the soil than to the concentration of the contaminant (data not 
shown) . It is known that soils with a higher CEC tend to make organic 
contaminants less available for plant uptake, thus reducing the 
phytotoxicity of the contaminant. Tissue accumulation of naphthalene 
(similarin composition to naphthol) following soil application was 
determined, as well as the actual concentration in the soil at the time 
of plant harvest. The results of the soil analysis confirmed the 
conclusion of the previous experiment, that at higher soil CEC, more 
naphthalene was retained by the soil likely reducing availability to 
plant roots. As well, as applied concentration increased, so did soil 
concentration of naphthalene. Tissue concentration of naphthalene 
following soil exposure was highly variable, with very weak trends 
towards increasing with applied concentration and decreasing with higher 
CEC (Table 1). It is not clear at this point whether the variability 
truly represents that found in plant response, or whether the analytical 
process for the detection of naphthalene in tissue is highly variable. 
It is possible that much more replication is needed to detect 
differences among treatments. 

Tissue concentrations of naphthalene from the first replication of 
the experiment in which the plant shoot was exposed to atmospheres 
containing various concentrations of naphthalene, demonstrated no 
consistent effect of soil type, but were related to exposure 
concentration and species (Table II) . Tomato shoot had the highest 
tissue concentrations of naphthalene at all exposure concentrations, 
while the other two shoot types had similar tissue concentrations, 
relative to exposure concentration. Radish root data were similar to 
that for radish shoot. When plant shoots were exposed to atmospheres 
containing naphthalene, tissue concentration was independent of soil 
type, as could be expected. However, it was related to exposure 
concentration and plant species; this latter factor probably relates to 
the affinity of the leaf surface for the compound (i.e. the presence of 
trichomes or cuticular waxes) . It is clear from these data that greater 
separation of treatment concentrations is required for the establishment 
of dose-response relationships. 

Future work includes further investigation of tissue accumulation 
following foliar exposure, with particular emphasis on investigating 
ways to better control the concentration of volatilized compound in the 
air. In addition, integration of all of the data into a single model 
relating phytotoxicity and the experimental parameters will be 
investigated. 



TABLE I: Treatment means for tissue and soil concentration 
of naphthalene for tomato grown in three rooting media 
differing in CEC and applied concentration of naphthalene. 



Analysis 



Soil Type 



Solution Concentration (ag/1) 

.10 1.0 10 100 1000 



Tomato leaves 
P + s 
P + V 
P 

Soil at harvest 
p + s 

P + V 

P 



n.a. 


.078 


n.a. 


.085 


n. a 


.073 


n.a. 


.073 


n.a. 


.43 


n.a. 


.060 


n.a. 


. 063 


n.a 


n.a. 


.09 


n.a. 


. 950 


n.a 


.50 


n.a. 


1. 10 


n.a. 


IBS 


n.a. 


3.41 


n.a. 


26.0 


n.a 



P + S indicates Promix/sand mixture; 

P + V indicates Promix/vermiculite mixture; 

P indicates Promix used alone; 

n.a. indicates not available 
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TABLE lit Treatment means for tissue concentration 
of tomato, radish and swiss chard grown in media 
with different CEC's and exposed via the atmosphere 
to various concentrations of naphthalene. 



Species 


Exposure Concentrati 


on (ng/cc) 




Soil Type 


12 


14 


19 


65 


Swiss 


:hard shoot 












P + S 


.03 


.01 


.03 


. 16 




P + V 


.02 


.02 


n.d. 


.11 




p 


.06 


.06 


.04 


.18 


Tomato 


shoot 












P + S 


.48 


.26 


n.a. 


2.20 




P + V 


.42 


.25 


.16 


2.30 




P 


.14 


.22 


.21 


1.10 


Radish 


shoot 












P + S 


.09 


.03 


.03 


.16 




P + V 


.04 


.03 


.21 


. 30 




P 


.OS 


.03 


.05 


.30 


Radish 


hypocotyl 












P + S 


.02 


.01 


.02 


,10 




P + V 


.02 


n.d. 


.02 


.11 




p 


.05 


n.d. 


n.d. 


.13 



P + S indicates Promix/sand mixture ; 

P + V indicates Promix/vermiculite mixture; 

P indicates Proraix used alone; 

n.d. indicates below limit of detection; 

n.a. indicates not available 



BIOMAGNIFICATION OF COPLANAB POUCHLORINATED BIPHENVLS. Susan 
Koslovski*, Biological Sciences, University of Windsor, Windsor, 
Ontario, N9B 3P* and Q. Douglas Haffner, Great Lakes Institute, 
university of Windsor, Windsor, Ontario, N9B 3P4. 

Despite the restriction of import, manufacture and use of PCBs in 
Canada in 1977, the global ecosystem is still plagued by these 
pollutants. 

Traditionally, orqanochlorine contamination has been evaluated by 
total PCB content; however, recent advances in sample clean-up and 
GC programming have facilitated the identification of numerous 
individual congeners. Research indicates that toxic potential 
related to the presence of non-ortho and mono-ortho substituted 
tetrachlorodib«nzo-p-dioxin, and thus possess the ability to induce 
the nixed function oxidase system (MFO) , and specifically, the 
enzyme aryl hydrocarbon hydroxylase (AHH). 

sampling of a wide range of biota in the western basin of Lake Erie 
during the summer of 1991 was performed to quantify coplanar PCB 
dynamics through the trophic levels of a freshwater foodveb. 
Coplanar PCB were found at concentrations as high as 9.3 ug/kg in 
gull eggs, and 2.5 ug/kg in suckers, while lower trophic levels 
exhibited reduced body burdens which were often non-detectable. To 
further quantify the coplanar PCB environment via biowagnif ication, 
extractions from species of various trophic levale will be used to 
induce AHH activity in the HII4E rat hapatoraa cell line. 



LIFE HISTORY AND DEMOGRAPHICS OF THE ZEBRA MUSSEL (DRE1SSENA 
POLYM ORPHA) IN LAKE ST. CLAIR. Diane. A. Pathy* and Gerald L. Maekie, 
Department of Zoology, University of Guelph, Guelph, Ontario, NIG 2W1. 



The zebra mussel, Dreissena polymarpha, was introduced into the Great 
Lakes probably in the fall of 1985, from the ballast water of freighters originating in 
Europe. They were first discovered in Lake St. Clair in June of 1988 and are now 
found throughout the Great Lakes. The life history and demographics of the zebra 
mussel population at Puce, Ontario, along the southwest shore of Lake St, CSair has 
been studied, and comparisons made to other populations in ihe Great Lakes and 
Europe. Adult zebra mussels from the Puce area have a life span of about 2.5 years 
and rapid growth rates of up to 2.0 cm per year. Maximum shell lengths average 2.3 
- 2.S cm, with standing crops now exceeding 200,000 m -2 . Fertilization is external 
and veligers appear to require 3 - 5 weeks before settlement occurs. In 1990 the first 
appearance of free swimming veligcr larvae at Puce was observed June 20 at a water 
temperature of 21"C but in 1991 larvae first appeared mid May at 15°C. In 1990 
veliger numbers peaked the first week of July at 162,000 m' 3 and disappeared from 
the water by mid October. One peak in veliger abundance occurred in 1990 while 
two peaks occurred in 1989. Within Lake St. Clair there are annual variations in the 
time of first appearance of larvae, number of peaks per year, abundance and settling 
periods. 



RESPONSE OF SUGAR MArLE, RED SPRUCE. NORWAY SPRUCE, 

AND RALSAM FIR SEEDLINGS TO ALUMINUM STRESS AND 

PHOSPHORUS DEFICIENCY. 

Mdgdd Havas and Robert K. Loney. 

Environmental and Resource Studies, 

Trent University, 

rVteHwough, Ontario. Klj 7B8. Canada 

The purpose of this study is: (1) lo compare relative Al tolerance of Acer saertorura. Piera rutvru. Pkai 
abus, and /trues rJu/s»rniH seedlings, (2) to determine degree to which Al-loleranl plants are able to exclude 
Al and to take up Ca, P, and trace nutrients in the presence of Al, and (3) to investigate possible 
mechanisms of Al tolerance including the ability of plants til to increase rhi2osphere pH and thus 
precipitate Al, (iil to release organic acids and thus chelate Al, and (ill) to produce acid phosphatase 
during periods of P deficiency 

Seedlings were grown hydroponically lor 4 to d days in a modified Ingcstadi nulneni solution at pH <U) 
with (II) mg/L) and wifhout Al and with 110 mg/L) and without P 

Red Spruce was the most Al-scnsitive species tested based on our criteria. It did not increase 
rhiznsphere pH, release citric acid, or produce acid phosphatase when exposed to elevated 
concentrations of Al or to limiting conccnlraliDns of P (Fig. 1). When exposed lo Al it had lower 
concentrations of Ca. Cu, arid Zn in the roots and higher concentrations of Al in both Ihe- roots and the 
shoots. Aluminum conccn Ira lions increased almost three fold in Ihe shoot and ten fold in the root (Fig. 
21 

Balsam Fir was Ihe second most Al-scnsitive species. It produced acid phosphatase and increased 
solution p.H when P-lirmtcd, but did not overcome Ihe acid-bulfenng when Al was present nor did it 
release organic acids to chelate Al (Fig. 1). Aluminum appeared to interfere with the uptake of Ca, Mg. 
Cu, Mn, and Zn in the roots. No significant amounl of Al was translocated to the shoot but root 
concentrations increased three and a half fold (Fig. 2) 

The two populations of Sugar Maple differed in their Al-sensitiviiy. Sugar Maple did not increase 
rhizosphere pH or produce organic acids, but did produce acid phosphatase when P-limited (Fig. 1). 
Aluminum was translocated to the shoot (Fig. 2) and interfered with Cu, Mn, and Zn in the root. 

Norway Spruce was the least Al-sensitivc species lesled, but once again the populations differed in their 
response One population produced acid phosphatase when I'-limited, the other suppressed enzyme 
activity when A! was present (Fig. 1 1 Aluminum interfered with uptake of Ca, Cu, and Zn in roots of 
both populations and was translocated to the shoot in one population. Aluminum concentrations in the 
roots increased five fold 

Root growth, expressed as Ihe number of new rootsng lips, has been successfully used to rank Al- 
sensitivity of wheat seedlings. However, neither this measure of root growth nor changes in root length 
were reliable indicators of Al stress in tree seedlings due to the high variability among individual plants 
(Fig. 1). Clonal material and a longer experiment may give more reliable results. 

Phosphorus concentrations were significantly higher (P=0.(!5) in Ihe root but not in Ihe shoot of Balsam 
Fir. Norway Spruce, and Red Spruce exposed lo elevated Al concentrations (Fig. 3). Aluminum and P 
concentrations were positively correlated in Ihe rools of Red Spruce and Balsam Fir, and one population 
of both Sugar Maple and Norway Spruce. These results suggests that Al and P may be chemically 
complexcd and may not be bioavailable despite the elevaled concentrations found in the roots. 
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1. Introduction 

The main objective of this research project is to develop a framework that will: 
provide a means of quantifying economy-environment linkages in Ontario; 

• assist the examination of sustainability of development in Ontario through scenario 
analysis; 

A secondary objective is to help generate a sound basis for a set of integrated provincial 
economy-environment accounts. Furthermore, the groundwork will be laid for the extension 
of the framework in the future to include a model of one or more renewable resources in 
Ontario. 

Subsequent to the approval by the Ministry of the Environment of the project proposal, a 
third component was added: 

• to develop and implement a procedure which estimates the residuals discharged from 
sewage treatment plants. 

The project was initiated in July 1990 and is being conducted by a joint team of economists 
and environmental scientists from VHB and ERL. A multi-disciplinary group from federal 
and provincial government departments and Universities has been established to provide 
advice to the project team. 

This paper highlights several aspects of the project including the interpretation of sustainable 
development as development that respects bio-physical and socio-economic constraints, the 
theoretical model that has been created, and the economics and environmental data that has 
been assembled to implement the model. Planned applications of the model are noted but 
specific results will not be available until the completion of the project in early 1992. 

The Meaning of Sustainable Development 
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Economy-Environment Linkages: Sustainable Development in Ontario 

The approach taken in this research project to the meaning of sustainable development starts 
from a pre-analyric vision of the economy as a sub-system of the ecosphere. The economy 
consists of the activities commonly referred to as production, distribution and consumption 
undertaken by humans. Not only is the economy a sub-system of the ecosphere; it is also a 
sub-system of the larger set of activities thai make up social life. 

The economic sub-system is connected to the ecosphere in three main ways: 

the materials and energy required by the economy are obtained from the ecosphere; 

the waste materials and energy no longer required by the economy are returned to the 

ecosphere; 

economic activity takes place in the space provided by the ecosphere. 

Seen in this light, the economy is an open system through which materials and energy flow 
from and to the ecosphere. This view of an economy may be contrasted with the more 
conventional picture given in most introductory textbooks on economics where it is shown as 
two concentric circular flows with incomes and expenditures going in one direction and goods 
and services going in the other: a perpetual motion machine with no apparent connection to 
the ecosphere; an economy with no environment. 

As the scale of economic activity has increased so have the demands placed on the 
environment for resources, waste disposal and space. One policy response to these increasing 
demands has been for governments to impose absolute limits on the flows to and from the 
environment and also on the use of space. This increasing reliance on absolute limits to 
protect the environment gives an important clue to the meaning of sustainable development. 

To a large extent, the concern thai development is not sustainable stems from a combination 
of i) concern that certain trends projected into the not too distant future cannot be sustained, 
and ii) a belief that the economic system cannot be relied upon to make the necessary 
adjustments without some form of government intervention. It follows that if development is 
not sustainable because certain limits are not being respected, then sustainable development 
requires that economies operate within such limits. The market system can continue to 
function but it must be obliged to do so by operating within limits imposed by government in 
order to avoid the uncertain consequences thai nature herself will ultimately impose. 

From a modelling perspective, the concept of limits can be introduced through a set of 
constraints expressed mathematically. More problematic is the selection of the variables that 
should be constrained to capture the meaning of sustainable development and the 
measurement of such variables. The challenge is to specify a set of constraints that are 
comprehensive and measurable without becoming too detailed. 
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Economy-Environment Linkages; Sustainable Development in Ontario 

The approach adopted in this project to defining a set of sustainabiliry constraints is to start 
with six primary biophysical constraints: water, air, minerals, solar radiation, surface area, and 
genetic material. The supply of water, air, minerals and natural genetic material can be 
expressed in terms of both quantity and quality. In addition, various combinations of these 
factors lead to significant foundations for biological production and economic activity. For 
example, agricultural soil requires certain specific supplies of minerals and surface area. 
Similarly, climate is a function of solar radiation and air quality. 

The total quantity of each of these six constraints is for all practical purposes fixed. The 
quality of the supply is highly variable and subject to human influence. Substitution among 
the constrained factors is also variable and often extremely comphcated. For example, the 
amoum and quality of agricultural land may be a primary indicator of sustainable 
development. Through technology and energy inputs, fosses in supply due to urban expansion 
may be compensated by improvements in the quality of the remaining agricultural land. 
However, such compensation is not unlimited since the available surface area is fixed. Only 
by maintaining a careful accounting of the primary constraints will these limits be revealed 

In general, to quantify the constraints that define sustainable development, data are required 
with respect lo: 

the total current supply in quantity and quality terms of each primary constraint; 

the combinations of primary constraints that lead to the direct connections with the 

economy (e.g. agricultural land produces agricultural goods accounted for in the 

economic framework); 

the production coefficients for primary renewable and non-renewable resources with 

various combinations of primary constraints; 

the waste emission coefficients from various forms of economic activity; 

the relationships between the waste emissions and the productive capacity of (he 

environment. 

A major component of current activities is the reconciliation of the ideal information 
requirements of the constraints with available data. Concurrently, the expression of the 
constraints and their relationships are being developed in a form consistent with the economic 
component of the model framework. The biophysical response models are not at this time 
being included, however, efforts are being made to ensure that essential connections are 
possible. 

To apply this approach to a sub-region such as Ontario it is also necessary to impose limits 
on Ontario's imports and exports of traded goods and services. Over the long term, it is 
inconsistent with sustainable development for Ontario to maintain an increasing net trade 
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deficit with the rest of the world. Therefore, another component of the meaning of 
sustainable development in Ontario is that the value of imports and exports with the rest of 
the world be equal and a constraint can be imposed to that effect. 

The Analytical Model 

The core of the analytical model is input-output analysis and the main source of economic 
data for estimating the model is Statistics Canada. Several economists, including one of the 
members of the project team (Victor), have shown how conventional input-output models of 
the economy can be extended to include the flows of materials and energy from and to the 
environment. Talcing advantage of the high level of disaggregation input-output models offer, 
these linkages to the environment can be specified for each of numerous sectors. 

A further dimension of the project is that it utilizes an approach developed by another 
member of the project team (Kubursi) that integrates location theory with input-output 
analysis so that the model estimates economic activity and impacts at the sub-provincial level. 
In fact, by geocoding the economic data base from which the input-output model is estimated, 
it is possible to assign economic activity by sector to any geographic representation of the 
province that the gcocoded information allows. For example, in this project the model is 
being configured by county and by watershed. 

In addition to the material and energy flows (expressed as coefficients of tonnes of material 
per dollar of activity), the model incorporates business investment and consumer expenditures 
as endogenous functions. More significantly, extensive work has been undertaken to include 
alternative production technologies in the pulp and paper sector as well as a waste 
management sector that provides services to business, households and government. Recycled 
materials are explicitly included as arc a variety of products thai are man:ifauured from them 

Finally, as a spin-off, new work has been undertaken on the treatment of non-renewable 
resources within the system of national and provincial accounts to assign a portion of the net 
returns from the sale of minerals to capital depletion rather than treating it all as income as in 
the conventional practice. 

The Environmental Data Base 

In order to model the interaction between the economy and the environment, detailed 
information on the resources used and wastes generated by each form of economic activity is 
required. Furthermore, quantitative and qualitative information on the current supply of 
resources is needed to quantify the constraints which define sustainable development. An 



Peter A. Victor. VHB Research and Consulting Inc. 



Economy- Environment Linkages: Sustainable Development in Ontario 



important component of this project has been the collection of these data for the province of 
Ontario. 

The environmental data base is comprised of three separate data bases: the resource use, 
waste generation and resources at risk data bases. The topics covered by each data base are 
listed below: 



resource use 

mining 
forestry 
agriculture 
Fisheries 
water use 



waste generation 

emissions to air 
emissions to water 
emissions to land 



resources at risk 

population 

forest stands 

agricultural lands 

surface water 

ground water 

endangered plants and 
animals 

buildings and materials 

The data in the environmental data base have been compiled using 4 digit SIC codes and two 
separate spatial formats; counties and sub-sub watershed basins. County boundaries are 
suitable lines along which to organize data in order to analyze linkages between the economy 
and the environment such as emissions to air. the production and disposal of hazardous and 
municipal waste, the extraction of minerals and exploitation of renewable resources such as 
forests and fish. However, to relate economic activity to factors such as water use, erosion, 
and the discharge of residuals into Ontario's lakes and rivers it is advantageous to organize 
data according to watershed basin boundaries. All of the data in the Environmental data base 
arc being convened to latitude and longitude for incorporation in a GIS system [D increase the 
flexibility of the system. 

Significant quantities of data have been collected in virtually every area targeted by the 
project team. Furthermore, virtually all of the information contained in the EDB dates from 
the period between 1985 and 1989. 

Despite the overall success of this component of the project, (here are shortcomings in the 
environmental data base. These tend to fall into two categories. First of all, it has not 
always been possible to obtain suitable data for the 1985 - 1989 peritxl. to correspond directly 
with the economic data. Consequently there are many areas of the data base in which data 
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are only available for one or two years of this period. This may present a problem when 
calibrating the model for different years. Secondly, in some cases gaps exist because of 
restrictions on dissemination of the information to protect the confidentiality of reporting 
companies. 

Model Implementation 

By combining the economic data and the environmental data, material and energy use and 
disposal coefficients are being estimated. In cases where alternative technologies are 
recognised, these coefficients will be technology specific rather than sector specific. In any 
case, the high degree of spatial disaggregation allows for different technologies to be used by 
sectors according to their location. 

Several issues are being addressed to illustrate the model's utility: 

i) Constraints will be imposed on the model to define sustainable development for Ontario. 
The implications of these constraints for economic development in the Province will be 
explored. Of particular interest are the regional and sectoral implications on employment, 
production, value added, trade and taxes of a requirement that the stock of capital and 
natural wealth be maintained for future generations. 

ii) For any constraint that is binding, a 'shadow price' will be estimated that shows how 
gross provincial product will change for a small change in the level of the constraint. 
These shadow prices will serve as an interesting indicator of the relative economic 
significance of each of the individual constraints. 

iii) The shadow prices will be incorporated into a set of price equations the solution to which 
will show the 'full cost' of each commodity in the economic mode). These calculated 
prices that reflect conditions for sustainabiuty will be compared with market prices for 
each commodity. 

iv) The potential role of substitution and technical change in sustainable development will be 
explored by focusing on one or more sectors (pulp and paper and possibly agriculture) 
where information on alternative processes is being assembled. 
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MULTI-MEDIA EXAMPLES IN ENVIRONMENTAL MANAGEMENT APPROACHES 

David G.C. Clarry and Weldon J. Thoburn, Hatch Associates, Mississauga Ontario; 
Orna E. Salamon, Ontario Ministry of the Environment, Toronto. Ontario. 

Introduction 

The OECD defines the term "multi-media" as referring to approaches to environmental 
management that consider the problems occurring when chemical substances are released 
from a single source to more than one environmental medium (air, land or water) and whan 
a target receptor is exposed to chemical substances via more than one carrier (air, water). 
In the following discussion multi-media is also referred to as "media-integraled", recognizing 
this form ol integration as a subset of !he broader area of integrated pollution control. 

The research described in this presentation forms part of a project for She Ministry of the 
Environment to critically examine multi-media approaches in other jurisdictions, to review multi- 
media issues in Ontario, and to propose potential case studies to further understanding of the 
application ol a multi-media approach in Ontario. 

Definition ol Terms 

in order to discuss the approaches taken in different jurisdictions, it is first necessary to 
develop a framework of terminology. The following are 1he key terms used here in discussing 
environmental management programs. 

Integrated Pollution Control 

is used in two senses; "internal" integration, referring to linking air. water and 
waste programs to reduce total risk to the environment; and "external" 
integration, referring to integration between environmental policy and other 
policy sectors such as energy and agriculture. 
This discussion emphasizes the first ol these, which is assumed to inherently involve a multi- 
media approach. 



Source Reduction 

Is any practice which reduces the amount of any hazardous substance entering 

any waste stream or that is otherwise released into the environment (including 

fugitive emissions) and reduces the hazards to the public hearth and 

environment associated with the release of such substances. 

In this discussion, source reduction is included in the more general category of preventative 

approaches, also used to describe approaches that include pollution prevention, waste 

reduction and/or waste minimization (depending on the definitions applied). 

Ecosystem Management 

Is the setting of quality and emission control targets and objectives based on 
the aggregate impacts of different pollutants and physical intrusions on the 
surrounding receptors within a natural geographic area. 

Discussion here of ecosystemic approaches is limited to the context of managing pollutants. 

Anal ysis Criteria 

This review focuses on the results, rather than intents, of programs. As such, the first 
consideration In examining jurisdictions was to what extent programs had been implemented, 
and how much evaluation ol program impacts had been carried out. The general evaluative 
criteria sought were: 

the economic efficiency of the program, in terms of overall costs and benefits; 

• the environmental effectiveness of the program, in terms of contamination and impact 
reduction; and 

• the equity of the program, in terms of the distribution of cosis and benefits among 
sectors of society. 

In the absence of rigorous evaluative data on benefits achieved, several other screening 
criteria were used in the data gathering stage. The concept of a successful program was 
defined by: 

• degree versus duration of Implementation (measured against the intended scope of the 
program); 



• number of groups involved in implementation and ongoing operation of the program 
(with the assumption that broad involvement reflects positive evaluation); and 
program activities being carried to a practical level. 

Pro gram Identification 

An initial survey identified 25 jurisdictions as having or developing programs rotated to the 
multi-media approach. These included the US EPA and seventeen stale programs, the EEC 
and five European countries, and two Canadian provinces. 

The programs identified were grouped into the following categories: 

mutti-media approaches in conventional management, including integrated permitting, 
enforcement etc. (these generally have an "end-of-pipe' focus); 

• preventative initiatives that involve a multi-media approach; and 

• ecosystem based approaches, accounting for the total impact from alt sources within 
a natural geographic area. 

Most programs identified in North American jurisdictions involve some type of pollution 
reduction approach (toxics use reduction, waste minimization, hazardous waste reduction). 
Many of these programs are nan-regulatory, using provision of technical assistance or other 
means to encourage voluntary participation. They generally involved the creation of new 
government departments or groups, with very little reorganization of existing structures. Multi- 
media is an element (or by-product) of these programs and as such is implemented at 
operating levels as pari of polices rather than as a policy in itself. 

The European programs are based more on the permitting process and development of the 
process to account for cross-media issues. European governments displayed a tendency to 
reorganize existing bodies and structures, in the UK this is probably part of a policy of 
'minimum government' where fiscal restraint has discouraged the creation of new government 
agencies In European jurisdictions, multi-media has been taken as a goal in itself; the benefit 
of overall optimization has been deemed worthwhile even without source reduction targets or 
mandates. 



In spite of the different role multi-media is playing in environmental management in Europe 
and North America, there were a number of similarities observed with respect to the 
management programs studied, All successful programs either incorporated or recognized 
a future need for a multi-media approach to pollution prevention. Most of the programs were 
initiated on the basis of a general belief that effective environmental management relies on 
some sort of integrated approach, and none of the programs was preceded by in depth 
economic analysis, although all programs acknowledged the economic impacts. 

Another area of commonality was in concerns expressed by participants which they felt 
needed to, and could, be addressed by the programs: 

• sub-optimization In Industrial design from a combination of environmental protection 
and economic viewpoints, including the need for cost effective alternatives to 
enormous cost of treating and controlling wastes under existing approaches; 
cross-media transfers and multi-media impacts; and 

• pollution from non-point sources. 

Additional concerns were common from a focused business and economic standpoint: 

• costs associated with liability and clean-ups, and 

• increase of "NIM8V (not in my back yard) attitude to waste disposal. 

The following factors were found to be common to the success of multi-media environmental 
management programs in different jurisdictions: 

provision for public access to information; 

development of a database on the use and release of toxic materials; 

• requirement that emitters inform regulating bodies of toxic releases to the environment; 

• development of a close relationship between government and industry in defining the 
means (not necessarily the goals) of administering the environmental programs; and 
availability of technical assistance. 






Critical Analy sis 

Four jurisdictions were selected for more in depth analysis: 

the Blackstone Project and Toxics Use Reduction Act (TURA). Massachusetts, US; 

1he US EPA Yorktown project, Yorktown, Virginia; Ajg^f ffi , Crf*u* i 

in the United Kingdom, the Integrated Pollution Control and integrated inspection 

programs; and 

in Germany, the Integrated permitting approach in Hamburg. .■..►-, 
Two additional jurisdictions, Sweden and the province of Quebec, were determined to have 
noteworthy programs. 

Sweden 

Although not pursued in detail, the Swedish permitting system represents an approach that 
is clearly multi-media and apparently effective from an administrative stand-point. In Sweden, 
all permits for major industrial and municipal installations are approved by a single national 
body, the Franchise Board. Permits for smaller (or less polluting) installations are approved 
at the county or municipal level, again by single boards, Decisions of the boards are based 
on overall pollution levels from the particular installation. The national boards are made up 
of a chairperson, a senior engineer, a representative from the National Environmental 
Protection Board and a representative from the appropriate industry. 

Although there are emission guidelines, Sweden does not have binding emission or 
environmental quality standards for most pollutants. Decisions on controls required at specific 
installations are based primarily on selection of Best Available Technologies. Permits are 
granted for the life of the plant. Although there is some seope to re-examine specific 
discharge levels after a permit is granted, applications for expansion or process changes are 
usually taken as the opportunity to re-examine overall discharge levels. 

Although there is limited evaluation of the overall effectiveness of (he approach, the fact that 
the system has been operating for some twenty years with no movement to change it's media- 
inlegrated approach provides strong evidence of the potential efficiency and effectiveness of 
a multi-media approach. 
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Quebec 

One of the best examples of a multi-media initiative In Canada is the Quebec Programme de 
Reduction des ftejets Industrials (PRRI), The objective of this program is to reduce the 
aggregate volume of industrial waste by 75% over 10 years, focusing on toxic substances. 
The basis of the program is to be an ■Attestation d'Assainissement*, an overall waste stream 
reduction plan developed by each industrial establishment and approved by the regulatory 
authorities. The program takes an integrated approach to all waste streams. 

The legislative framework for PRR! was included in Bill 99, however no regulations had been 
developed as of the summer of 1991. Five major industrial companies have been asked to 
take part in a trial program of waste characterization (beginning with water and soil) on a 
voluntary basis, however this program is proceeding very slowly. 

Blackstone Project and Toxics Use Reduction Act ITURAI (Massachusetts) 
The Blackstone project is a pilot demonstration project which was developed under the 
Massachusetts Departments of Environmental Protection (DEP) and Environmental 
Management (DEM). It incorporates legislation from the Toxics Use Reduction Act (TURA) of 
1969 as applied to a subset of the state's industry. The program consists of coordinated 
multi-media compliance, inspections of industrial facilities, enforcement (with emphasis on 
source reduction) and coordination of regulatory and technical assistance activities. 

The initial development of the legislation was by an environmental organization called the 
Massachusetts Public Interest Research Group, or Mass PIRG. Subsequent work was 
conducted by a team of representatives from industry, environmental groups and the 
Massachusetts government leading to the legislation passed in 1989. Justification for the 
projects came from a growing awareness of the inadequacies of a single-media approach to 
environmental protection (the problems of multi- and cross-media contamination), 
development of toxics release inventories indicating the volume of contaminants being 
released to the environment, escalating costs of disposal and clean-up operations, and 
increasing public pressure. 
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The purpose of TURA was to locus the attention of environmental protection efforts away from 
the traditional "end-of-pipe" method of pollution control, to the industrial Mronl-end" or the use 
of toxic and hazardous chemicals. The goal of the legislation, considered the foremost 
pollution prevention statute in the United States, was to achieve a 50% reduction in the 
industrial usage of toxic and hazardous chemicals. In particular, TURA requires the DEP to 
achieve the following by January 1", 1992: 
• to ensure, where appropriate, that facility inspections are multi-media in approach; 

that teams of inspectors should represent existing programs within the department; 

and 

that duplication of inspection and enforcement efforts should be minimized between 

departments and agencies. 
The DEP is also responsible for 

coordination of chemical use, release and disposal reporting; and 

coordination of toxics use reduction efforts within and between state agencies. 

TURA is aimed at all industrial users of toxic and hazardous chemicals. While destined for 
state-wide application. Blackslone was limited to the metal industries within the service area 
of the Uppe; Blackslone Water Pollution Abatement District Sewage Treatment Rant In its 
1990 fiscal year. Industrial users are subdivided as either large or small quantity users (LQU's 
and SQU's) where the former are defined as processing more than 25,000 lbs. or using more 
than 10,000 lbs. of a regulated substance, and the latter as processing or using less than the 
indicated amounts. Funding for the project is primarily provided through annual filing fees 
(toxics users registration) which each facility must pay based on the number of toxic 
substances reported and the number of employees. 

TURA uses a broad definition of the term multi-media, including, but not limited to, water, land, 
air, and workplaces within facilities. Regulated substances are defined by the existing SARA 
(Superfund Amendment and Re-authorization Act) toxic chemical list. The legislation includes 
an amendment process which will allow for the addition and removal of substances from the 
list after 1994. 



TURA requires (he following of LOU'S and SQU's in priority sectors: 

to develop and file toxic use reduction plans by 1994 (open to public inspection); 
manufacturing LQU's must file annual reports on substance use and release (open to 
public inspection); and 

non-compliers under the enforcement jurisdiction of the OEP must use toxics use 
reduction to achieve compliance, 

A special feature of the program In Massachusetts, is the commitment to technical assistance. 
One initiative of TURA was the establishment of the Office of Technical Assistance (OTA) 
which provides help to industry in the areas of on-site evaluation of source reduction 
opportunities, economic analysis and information dissemination. Along the same line, the 
DEP, In cooperation with a state university, founded the Toxics Use Reduction Institute (TURI). 
The institute will focus on curriculum development for TUR inspectors, planners, consultants, 
and conduct research into TUR technologies, public education and policy development. 

The DEP itself underwent significant changes in putting the new legislation into operation. The 
DEP was reorganized into several bureaus (one of which was the multi-media oriented Bureau 
of Waste Prevention) , and all programs involved in regulating industry were brought under the 
auspices of the DEP. The single-medium divisions remained intact but whereas they operated 
independently of one another in the past, TURA will coordinate their efforts to achieve a multi- 
media policy direction. While established by the DEP, the OTA is independent of the DEP, 
thereby separating regulatory tasks and technical assistance. It was believed that this 
separation would encourage a more cooperative attitude with industry. 

It is too eariy to be able to observe any environmental Impacts produced by TURA and the 
Blackstone project, however positive feedback was received from many participants and 
observers. Mass PIRG was of the opinion that the process of preparing TURA reports would 
have a significant effect on industry in shifting their attention to source reduction. They also 
believed the debates in developing the legislation would lead to better data bases and more 
effective departmental coordination. The Blackstone models achieved as good or better 
results in achieving regulatory compliance and were considerably more effective in detecting 



illegal or unregistered waste streams. Participating industrial facilities were solidly behind the 
concept of multi-media inspections. More information will be available through the second 
annual report on the project in late fall of ihis year. 

US EPA - Yorktown Demonstration 

This pilot pollution prevention project is administered by the US Environmental Protection 
Agency (EPA), it is a joint effort between the EPA's Office of Policy, Planning and Evaluation 
and Amoco Corporation, and centred around Amoco's Yorktown, Virginia refinery. The idea 
for the program was ofiginally proposed by Amoco to the EPA in November 1989 and was 
finally approved in March of 1 990, 

The project was designed to assess opportunities, benefits and obstacles in coordinated and 
concurrent permitting , to devise facility-wide strategies, options and management approaches 
for multi-media pollution prevention and reduction, and to promote education regarding 
refinery and regulatory systems, The goals of the study were defined as: 

• to develop methods and approaches for facility-wide analysis of releases; 

• to define and prioritize source reduction, recycling, end-of-pipe controls and 
environmental results; and 

• to identify how the framework might be applicable to other facilities. 

The study was divided into two parts. The first phase was the production of a release 
inventory of Yorktown refinery (completed early 1991 - Note, this study concentrated on 
release data white the Blackstone projecl collected data on contaminant use as well). Phase 
two of the project is the analysis and evaluation of the collected data (scheduled for 
completion in October 1991). While the study centred on one facility, the application is 
potentially for all industry and in particular the Petroleum Refining 'Regulatory Cluster" 
(ie. industrial sector). All media were considered in producing the release inventory and the 
contaminants of concern were defined as those recorded under SARA 313 with the additions 
of NO,, SO, and CO, Since the workgroup had no authority to grant waivers to existing 
regulations, multi-media permitting and other prevention/reduction options were not utilised. 



While no specific analysis occurred prior to the demonstration, numerous EPA reports 
provided justification for the work. Reports consistently identified weaknesses of existing 
pollution control directed incentives such as: 

• perpetuating a toxics shell game" (cross-media transfer) often at great expense with 
little or no environmental or human benefit; and 

• failing to account for accumulative environmental impact from one or more sources 
and pathways. 

Impacts to date are again difficult to measure, however, project leaders have suggested that 
the results should encourage consideration of restructuring the approach to environmental 
protection and provide an initiative to develop further strategies to efficiently achieve 
environmental benefits. 

UnHed Kingdom - Integrated Permitting and Integrated Pollution Control 
In 1976, a Royal Commission on Environmental Pollution proposed directing contaminant 
releases to the medium which result in the least damage to the environment and the creation 
of an administrative body that would ensure waste disposal was practised in such a way as 
to minimize multi-media effects. This was reinforced in 1986 by the Cabinet Office Efficiency 
Unit, with the concern of haphazard pollutant disposal and inappropriate resource allocation 
when attempting to manage the environment through dealing separately with the three 
environmental media. A year later Her Majesty's Inspectorate of Pollution (HMIP) was 
established to administer environmental programs and develop Industrial regulations. 

In 1 990, the UK produced an Environmental Protection Act which included Integrated Pollution 
Control (IPC) programs intended to Integrate regulations through industry guidelines. The Act 
applies to all UK industry (currently the HMIP has developed regulations for the fuel and 
power, metal, chemical, mineral, and waste disposal industries), concentrating on the mosl 
potentially polluting or technologically complex Industrial and other processes. 

Substances and processes controlled under the Act were identified by the Secretary of State 

in The Environmental Protection (Prescribed Processes and Substances) Regulations 1991. 



Processes are divided into two groups; Part A processes are subject to IPC and Part B 
processes are regulated by local authorities tor air pollution control but subject to the special 
guidance of the Secretary. Part A processes are further broken down using three separate 
lists at prescribed substances which are referenced to the method or media of conlrol 
(ie_ control in air, water or land). 

Prescribed processes are being phased in over a period ot time (all industry to be regulated 
by 1995). After the phase in date, no prescribed process will be permitted to operate without 
authorization from HMIP. All applications for authorization must be advertised locally and 
HMIP must consider any related feedback. The legislation requires HMIP to maintain public 
registers which are to contain information regarding IPC applications, authorizations and 
monitoring information. The costs of administering the program are to be directly recovered 
through charging an application fee and annual charges based on the size and complexity of 
the process. The objectives of HMIP as set out in the Environmental Protection Act 1990 are: 
Best Available Technology Not Entailing Excessive Cost {BATNEEQ must be used to 
prevent or minimize prescribed substance release into environmental medium; 

• releases must not breach direction of Secretary of State In meeting European 
Community or other international obligations; and 

• when process likely to involve releases into more than one medium, that Best 
Practicable Environmental Option (BPEO) is achieved (ie. ensuring discharges are to 
the medium which results in the least environmental damage). 

Direction to industry will primarily be provided through the use ot guidance notes. Over 200 
guidance notes will be produced for prescribed processes. HMIP's approach to preparing this 
information is to 

review all BAT'S at potential application to UK industry; 

produce draft agenda of key issues to be covered in the notes (ie. reasons for 

designating processes, existing process standards and standards HMIP believes 

achievable); and 

circulation of agenda to industry tor comment followed by a revision process. 



It Is too tatty to observe the Impacl of the UK program as there has as yet been minimal 
feedback. One area of concern, expressed by the British Foundry Association (BFA), was the 
potential costs to industry of implementation of BATNEEC's, although this is more an Issue 
of emission standards than the multi-media approach. 

Hamburg, Germany - Inte grated Pollution Control 

The program established in Hamburg, Germany is an integrated permitting approach, 
Integrated In terms o) media and administrative jurisdictions. The program is supported by 
general provisions in German Federal environmental regulations, however, implementation is 
coordinated independently within each state. Consequently, different states can achieve 
notably different results. The IPC program in Hamburg is considerably more advanced than 
in other German states. 

The Environment Protection division of the Envlronmem Agency of the City of Hamburg 
contains the "Unit for Permits" which is responsible tor permitting in the areas of air, noise, and 
water quality and waste. The organizational structure is such that responsibility tor waste and 
air are integrated at the lowest level. The organization is segregated in terms of the type of 
source and facility rather than by medium so that permitting groups are applying media- 
specific laws and regulations to ali regulated activities within a specific facility. The result is 
that cross-media effects are considered at all permitting levels. 

The program of integrated permitting has been in effect since the early 1980's. The Federal 
legislation does not extend to the setting of emission standards, nor is the framework 
integrated at this level. The success of the program has been attributed to the existence of 
a very detailed Federal framework for environmental protection and the wide spectrum o( 
responsibilities (in terms of types of activities and environmental media) within the agencies. 
The positive impact of the program is suggested by: 

the time required for application and permit processing has been reduced to 
approximately six months (present delays are attributed to involvement of local 
administrations); 
• discussions on priority investment have been initiated with industry to establish 



medium-term environmental strategies: 

officials are given a broad responsibility tor entire (acuities and therefore experience 
more efficient interactions with other government and industry parties; and 
• the permitting procedure has resulted in a greater level of integrated environmental 

discussion throughout decision-making processes of applicants. 

An Industry contact noted that the integrated permitting approach has required more effort on 
the part of industry in dealing with the regulatory authorities, but that it has provided superior 
solutions to environmental problems. 

Conclusion 

There are sufficient examples of successful muiti-media environmental management initiatives 
to lend strong support to the workability and success of this type of approach. Mos1 of these 
programs are in early stages of development and will provide more information as their 
implementation proceeds. It is noteworthy that while not all programs are specifically aimed 
at pollution reduction, those involved in almost all the programs feel the multi-media approach 
will inevitably lead to reducing the total level of pollution. 
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INTRODUCTION 

("ail environmental policies, particularly in waste management, have tended to favour a 
"hard" path, or reliance on physical technology, to solve environmental problems (Seldman, 
1980). Bureaucrats have tended not to trust people-oriented technology. The social dimension 
in environmental policy implementation has largely been ignored, even where it is most obvious 
-- in the implementation of policies and programs aiming to influence the separate decisions of 
millions of individuals (Stern and Oskamp, 1987). 

Increasingly, however, environmental problems are being recognized as essentially human 
behavioural problems of lifestyle and habits, of ignorance, and of motivation (Cone and Hayes, 
1980). Promotion of environmentally-responsible behaviour of individuals is now accepted as 
as a crucial element in public policy addressing these problems. The success of current 
conservation programs, for example, Ontario's municipal curbside waste recycling program, 
also known as the "Blue Box" program, is encouraging and may prove educational not only for 
participants but for policy-makers hoping to build on their success. 

There are many elements to the success of conservation programs: economic viability; 
environmental improvement: and the ability of the program to change human behaviour. This 
paper addresses the latter, specifically, the nature and extent of individual participation in 
municipal recycling programs, and the effect of participation in these programs on the adoption 
of other forms of environmentally-responsible behaviour. In contrast to an extensive literature 
on environmental attitudes, very few studies describe the nature and extent of environmentally- 
responsible behaviour (Tracy and Oskamp, 1983-84; Stern and Oskamp, 1987). Even less 
evident in the literature is any attempt to relate the adoption of one form of conservation 
behaviour to the adoption of others, as a learning cycle. 

It is hypothesized that participation in municipal recycling programs affords a form of 
social learning, allowing individuals to derive knowledge and skill in conservation activities 
which may predispose them to adopt other forms of conservation behaviour. The more rigorous 
the involvement in waste separation activities, the more likely individuals are to acquire personal 
experience and knowledge about waste reduction and recycling, which may lead them to develop 



positive feelings about environmentally-responsible behaviour. These positive attitudes, 
particularly toward the activity itself, may create or reinforce environmental attitudes, 
influencing the adoption of other forms of environmentally-positive behaviour (De Young, 1986). 
The objectives of this paper are, in the context of a sample of City of Guelph households, 
to: 

1. describe the nature and extent of recycling behaviour and selected forms of other 
environmentally-responsible behaviour (energy conservation, water conservation and consumer 
behaviour); and, 

2. determine the relationship between the degree of involvement in municipal recycling 
programs and: 1) energy conservation; 2) water conservation; and 3) consumer behaviour. 



METHODOLOGY 

Study Area 

The City of Guelph 's pioneering efforts in waste management afford an unique 
opportunity to study the influence of several levels of recycling activity. The Blue Box program, 
operational for about four years, collects newspapers and glass, tin and plastic containers, and 
diverts about 18% of waste from landfill. The innovative Wet Dry program, operational on a 
limited test basis for almost two years, requires individuals to undertake a more sophisticated 
form of source separation of waste in the home. Wet, compostablc, materials such as food 
waste and grass clippings are placed in a green bin; dry, recyclable and non-recyclable, materials 
(except hazardous waste) are placed in a blue bin. Several variations of the Wet Dry program 
are being tested, but all divert at least 62% of waste (City of Guelph, 1991). 

Sample Frame and Respondent Selection 

The research approach adopted was to elicit information from participants in Guelph's 
Blue Box and Wet Dry recycling programs through an interview-administered questionnaire. 
The study was confined to households in single family dwellings in order to maintain as much 
consistency as possible in opportunities for involvement in household conservation behaviour. 



Blue Box participants in four selected neighbourhoods were randomly sampled. Neighbourhoods 
were chosen to reflect a range of socio-economic conditions. The Wei Dry program has been 
available in only one area of the city; households in this pilot area were also randomly sampled. 
Sampled households were visited on as many as three occasions to establish contact with 
an adult respondent, before a substitution was made. In most cases, an adjacent residence served 
as the substitute. Only several contacted individuals declined to be involved in the study; 
ultimately, respondents in 161 households were interviewed. 80 were participants in the Blue 
Bdx program and 81 were participants in the Wet Dry program. 

Data Collection and Analysis 

Two questionnaires, differing slightly due to the nature of the recycling programs 
involved, were designed to obtain data necessary to satisfy the study objectives, The 
questionnaire sought information on the nature and extent of household participation in municipal 
recycling and selected forms of other househoid conservation behaviour (energy conservation, 
water conservation, consumer behaviour). A key feature was the effort to identify how 
households disposed of 17 waste items, including several such as aerosol cans and magazines 
thought to pose problems for some households in determining appropriate disposal. Respondents 
were also questioned on the frequency of selected conservation behaviour and the length of time 
such behaviour had been practiced, (to facilitate comparison of pre- and post-recycling 
conservation behaviour). To facilitate controlling other factors potentially influencing household 
conservation behaviour, while exploring the relationship between recylcing and other behaviour, 
data were sough! on selected characteristics of households, for example, household size and age 
and education of respondents. 

To provide an aggregate description of household recycling and other conservation 
activities, and to facilitate analysis of the relationship between these behaviours, indexes were 
constructed for each form of conservation behaviour. For energy and water conservation and 
consumer behaviour, responses to questions on specific behaviour were scored and weighted to 
recognize variations in commitment of lime and capital to particular conservation activities and 
devices. The weighted scores ranged from fero to 18, 14, and 20, respectively, for energy 
conservation, water conservation, and consumer behaviour. 
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Indexes for Blue Box and two variations of Wet Dry recycling were constructed from 
responses detailing how households disposed of selected waste items. Points were awarded for 
appropriate disposal, for example, vegetable peelings to the green bin (Wet Dry participants) or 
a backyard composter (Blue Box participants). Points were also deduced for inappropriate 
disposal, for example, paint cans in the blue bin or Blue Box. The theoretical range of recycling 
scores was -16 to 68 and -23 to 68, respectively, for Blue Box and Wet Dry participants. 

Differences among Blue Box and Wet Dry respondent groups, in terms of household 
characteristics and conservation behaviour, were evaluated by t-test and chi-square analysis. 

FINDINGS 

Social Characteristics of Study Respondents 

A major objective of the study was to explore the influence of recycling behaviour, 
specifically participation in two recycling programs, on other household conservation behaviour. 
Thus, it was important to examine the social characteristics of recyclers. as these may influence 
conservation behaviour. Blue Box and Wet Dry respondents were examined in terms of age, 
education, lifestyle, size of household, number of children and pre-school children in household, 
and length of residence in Guetph. Lifestyle attempted to capture the amount of time available 
to devote to recycling and other conservation activities in the home. For instance, households 
with both adults working outside the home were distinguished from retired persons. 

No statistically significant differences between Blue Box and Wet Dry respondents were 
found in any of the above attributes, with the exception of education. A significantly higher 
proportion of Wet Dry (20.3%) compared to Blue Box (7.5%) respondents were university 
graduates. This reflects the City's choice of a pilot study area for the Wet Dry program, a 
neighbourhood near the University of Guelph in which a number of active and retired university 
faculty and staff reside. As education is potentially a powerful influence on behaviour, this 
difference between Blue Box and Wet Dry respondents is important, and will have to be 
reflected in any analysis undertaken to explore the influence of recycling behaviour on other 
conservation behaviour. 



Household Conservation Behaviour 

Recyc ling Behaviour 

Theoretically, recycling scores can range from -16 to 68 for Blue Bon participants, and 
from -23 to 68 for Wet Dry participants. The mean score of 50 for Wet Dry respondents was 
almost twice the mean score of 27 for Blue Bon respondents. The range of scores for both 
recycling groups was similar. In imrepreting this marked difference in recycling scores, it 
should be noted that Blue Box recycling involves curbside collection of only a limited number 
of waste items (newspapers and metal, glass, and rigid plastic containers). To obtain a high 
score, a Blue Box participant would have to make some use of recycling facilities elsewhere, 
notably Guelph's central recycling depot. 

A generally high degree of commitment among Wet Dry participants in sorting waste 
items is evident. Some of the waste items selected for study, however, posed problems for a 
number of respondents. Over a third of respondents incorrectly disposed of light bulbs, aerosol 
cans and styrofoam; a smaller proportion appropriately disposed of paint cans. 

While a few Blue Box respondents had very high recycling scores, the level of 
commitment to recycling was generally lower. Over half of respondents inappropriately 
disposed of aerosol cans, corrugated cardboard, and egg cartons; fine paper and magazines were 
also problem items for many respondents. As well, a proportion of Blue Box recyclables are 
lost to the garbage stream. Some 31 percent of Blue Box respondents reported sometimes, 
often, or always discarding rigid plastic containers into the garbage; 19, 17, and 6 percent of 
respondents indicated they at least sometimes discarded metal cans, glass containers, and 
newspapers, respectively. 

A good indicator of the comparative commitment of Blue Box and Wet Dry respondents 
to waste management is their handling of household hazardous waste items. Proper treatment 
of these waste items requires participants of both the Blue Box and Wet Dry programs to lake 
these items to the city's central hazardous waste depot. It is notable that in all cases a higher 
proportion of Wet Dry respondents made the effort to do so. 
Other Conservation Behaviour 

Other household conservation behaviour measured were energy and water conservation 
and consumer behaviour. Examples of energy conservation are use of a clothes line, energy 
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efficient light bulbs, and a night set-back thermostat. Water conservation was measured by such 
actions as turning water on and off to brush teeth, and installation of toilet dams. Examples of 
consumer behaviour are use of reusable shopping bags, purchase of drinks in returnable bottles, 
and membership in environmental organizations. 

For alt respondents, conservation scores were moderate for energy conservation (mean 
score of 8out 18), lowest for consumer behaviour (mean score less than 5 out of 20). The mean 
water conservation score was 5 (out of 14). This distribution of mean scores is not unexpected. 
Energy conservation has been an issue since the mid 1970s, and many forms of energy 
conservation offer direct cost savings to households. Water conservation is gaining some 
momentum in southern Ontario (KreuUwiser and Feagan, 1989), but is not yet a local issue, no 
doubt due in part to Guelph's very adequate water supplies. Concern for the environmental 
implications of consumer products is largely a very recent phenomenon and not yet well 
develooed. 
KSCYleinE and Other Household Conservation Behaviour 

A primary objective of this study was to explore the relationship between participation 
in municipal recycling programs and other forms of household conservation behaviour. Analysis 
revealed that only for consumer behaviour is there a significant difference in mean conservation 
scores between participants in the Blue Box and Wet Dry programs. The mean consumer 
behaviour score for Wet Dry respondents was over 30 percent higher than the score for Blue 
Box respondents. The implication is that participation in the more demanding Wet Dry program 
has encouraged many respondents to rethink their purchasing practices. 

The influence of participation in the Wet Dry recycling program on consumer behaviour, 
however, is clouded by the statistically significant difference in the educational characteristics 
of the Blue Box and Wei Dry study groups. To address this concern, further analysis was 
undertaken. Table 1, for example, compares the recycling and other conservation scores of Blue 
Box and Wet Dry respondents, exclusive of those in the highest educational category (those with 
at least one university degree). While the consumer behaviour score is no longer significantly 
different, the mean score for Wet Dry respondents remains substantially higher than for Blue 
Box respondents. 



TABLE 1 

CONSERVATION SCORES FOR WET DRY AND BLUE BOX GROUPS 
EXCLUDING THE HIGHEST EDUCATIONAL CATEGORY 



Recycling 

Score 

(/68) 

Energv 

Conservaiion 

Score 

i 18) 

Water 

Conservation 
Score 
(/14> 

Consumer 
Behaviour 
Score 
C/20) 





Mean Score 


SD 


Range 


BB = 


27.20 


12,92 


-10-64 


WD - 


47.60 


17.00 


-6-68 


BB = 


. 8.16 


3.67 


0-16.0 


WD = 


7.62 


3.42 


0-17.5 


BB = 


5.09 


2.96 


0-12.0 


WD - 


4.59 


3.11 


0-12.0 


BB = 


3.99 


3.58 


0-17.0 


WD = 


4,79 


3.78 


0-16.0 



T Value 



o.uxx;* 



0.3776 



0.3393 



0.2032 



Blue lki» Group = BB (N=.79) 
Wei Dry Group = WD (N-62) 



* significant at 95* confidence level 



Differences in mean conservation scores between the two recycling groups were also 
analyzed separately for both the higher and lower educational categories. Importantly, Wet Dry 
respondents in each category had higher consumer behaviour scores. The difference was 
statistically significant only for the higher education group. 

In assessing the influence of participation in municipal recycling programs on other forms 
of household conservation behaviour, an important feature of these programs should be kept in 
mind. Gueiph households can access information on recycling and municipal solid waste 
management from a variety of sources, including family, friends, television, newspapers, and 
newsletters and brochures prepared and distributed by the municipality. As pan of the pilot Wet 
Dry program, a substantial effort was expended to inform households about the program and the 
waste management issue more generally {Gibson, 1991). Two public meetings were held prior 
to program start-up, and a third meeting at the end of the program's first year. Information was 
supplied when the green and blue bins were distributed, and several program update letters were 
subsequently sent to participants. Participants were also asked to contact city staff about 
program implementation, and many have done so. Largely as a consequent of this effort to 
inform, a significantly higher proportion of Wei Dry respondents (27 percent compared to 14 
percent of Blue Box respondents) reported municipal brochures and newletters as the most 
frequently used source of information on the waste issue. 

CONCLUSIONS 

Blue Box municipal recycling programs have been widely acknowledged as successful. 
These programs continue to effect a modest but important reduction in solid waste requiring 
landfilling or incineration. They conserve increasingly scarce material and energy resources. 
More aggressive recycling programs, such as the Wet Dry program proposed for full 
implementation in the City of Gueiph, will enhance these benefits. 

This paper, however, has been concerned with a rather different potential benefit of 
municipal recycling. It was hypothesized that participation in municipal recycling programs 
represents a form of social learning, predisposing individuals to adopt other forms of 
conservation behaviour and to express environmentally positive attitudes. Differences in selected 



household conservation behaviours, between participants in the basic Blue Box program and 
more involved Wet Dry program, were expected. 

Evidence derived from this study, however, offers only limited confirmation of this 
benefit. No differences in waste management attitudes or in household energy and water 
conservation behaviour, between participants in Guelph's Blue Box and Wet Dry recycling 
programs, were observed, Environmentally-responsible consumer behaviour, as measured by 
such actions as using a reusable shopping bag, purchasing drinks in returnable bottles, and 
refusing to purchase over-packaged products, was significantly greater among Wet Dry 
participants. This difference was also evident after the influence of respondents' educational 
level was eliminated, though it was not statistically significant. 

The apparent influence of participation in municipal recycling on conservation-minded 
consumer behaviour can be understood in terms of the nature of these forms of behaviour. No 
doubt, participation in the more demanding Wet Dry program has heightened awareness of the 
waste implications of various consumer products and practices. The more extensive information 
process connected with the pilot Wet Dry program also likely influenced consumer behaviour. 
This information effort involved personal contacts between city staff and many participants. 

The findings of this study offer several practical suggestions for the design and 
implementation of municipal recycling and other conservation programs. While a much higher 
level of recycling was achieved by participants in the pilot Wet Dry program, compared to the 
conventional Blue Box program, some waste items were found to be particularly troublesome. 
Hor both groups, hazardous waste items such as aerosol cans and paint cans are notable. 
However, a much higher proportion of Wet Dry participants properly disposed of these and 
other hazardous items at Guelph's Hazardous Household Waste Depot. Moreover, within the 
Wet Dry group, participants in the two stream version (without a garbage option) were 
particularly diligent using this Depot. 

It is also notable that after four years of experience with the Blue Box program, a 
substantial proportion of participants arc incorrectly placing magazines and fine paper in the Blue 
Box. Some of these individuals may be misinformed, others may simply be careless. This does 
raise, however, the issue of the role of information in municipal recycling and other conservation 
programs. 

m 



It was earlier noted that a distinguishing feature of Guelph's pilot Wet Dry program was 
the considerable effort made to inform participants about the purpose and functioning of this 
program. No doubt as a consequence, almost twice the proportion of Wet Dry (compared to 
Blue Box) respondents reported city brochures as their most frequently used source of 
information on municipal solid waste. While this observation is not offered as justification for 
an intensive information component to any recycling or conservation program, it does suggest 
that the design and delivery of program information is important. 

Finally, the findings of this study, regarding the relationship between participation in 
municipal recycling programs and other forms of household conservation behaviour, raise the 
possibility that only closely related conservation behaviour may be influenced by participation 
in municipal recycling programs. This issue needs to be explored more thoroughly. A broader 
relationship may exist, for example, to which data collection and analysis were insensitive. If, 
however, only closely related behaviour may be positively influenced, this should be recogniied 
in the design of public programs aiming to encourage environmentally-responsible behaviour. 
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PSYCHOSOCIAL EFFECTS IN POPULATIONS EXPOSED TO SOLID WASTE FACILITIES 

l^c Jv'tT^c '■ SJ ' El ' il> " < IX "P artmen, of Geography, McMaster University, Hamilton. Ontario 
L»i> 4KI), D. Stieb. S. Waller and J. Frank (Department of Clinical Epidemiology and Biostatistics 
McMaster University, Hamilton, Ontario, LRN 3Z5). 

INTRODUCTION 

This paper describes the results of logistic regression analyses performed on epidemiologic 
survey data collected from populations living in close proximity lo three solid waste facilities in 
southern Ontario. Psychosocial effects are defined as the complex of distress, dysfunction and 
disabii.ty manifested in a wide range of psychological, social and behavioural outcomes as a 
consequence of actual or perceived environmental contamination. 

The most useful theoretical framework for informing this research comes from the 
environmental stress and coping literature [1,2,3|. Baum et al. [4, p. 186j define environmental 
stress as a process by which environmental events threaten, harm or challenge an organism's 
existence or well-being and by which the organism responds to this threat." A useful psychological 
model of response to environmental stress is thai provided by Lazarus and Folkman (31. This 
model contends that response to environmental stress is divided into two basic stages: primary 
appraisal whereby the individual appraises an environmental stressor as a threat, a harm, or a 
challenge; secondary appraisal whereby one of two basic coping strategies is selected: (1) problem- 
focused coping (e.g.. joining^ citizen's action group), or (2) emotion-focused coping (e.g. adjusting 
attitudes towards the stressor) Reappraise! occurs as the perception of the stressor or available 
coping resources changes over time. 

The experience of environmental stress, the choice of a particular coping response and the 
incidence of psychosocial effects are dependent upon a number of mediating factors which can be 
caiegonzed into four sets: characteristics of the environmental stressor [5,6,7); characteristics of the 
individual [6.8 1 : characteristics of the social network |<M0); and characteristics of the wider 
community system [7.9,1 1 ). This categorization defines the structure of the conceptual framework 
for the current study (Figure 1). 

STUDY DESIGN 

The objectives of the study are: 

I. To determine the prevalence efpsjicki/sneial effects among exposed individuals. 

I To investigate the determinants of individual level psychosocial effects. 

3. To investigate the determinants af individual level actions taken in response lo 
psychosocial effects. 

A set of evaluation criteria 1 12] led to the selection of three solid waste disposal facilities 
m southern Ontario: the Solid Waste Reduction Unit (SWARU) in Hamilton, the Hamilton- 
Wenrworth Regional landfill site in Glanbrook and the recently approved Halton Regional Landfill 
m the Town of Milton (Figure 2), The project follows a parallel case-study design in which each 
site comprises an independent study. The primary analyses reported in this paper are therefore by 

The epidemiologic survey was administered by phone to a disproportionate stratified random 



sample of 250 households across four zones around each of (he three sites. This stratification 
procedure allows for [he use of internal controls, based on distance from the site, in subsequent 
analyses. Zone distances were not uniform across sites as both Glanbrook and Milton are rural 
areas with characteristically low population densities (Table I). 



TABLE 1: SAMITE DESIGN 
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ZONE 2 
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ZONE H 
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ZONE 4 
km 


TOTAL 
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SWARU 


1 


5 


£ 


.5 


■ v'2jS 


CLANDHOOK 


2 


1 


1 1 


■5 - 


MILTON 


2 


1 
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tS. 



The instrument was introduced as a general quality of life survey. Essentially, it consists of five 
sections: ( i) attitudes toward the neighbourhood or home area including factors liked and disliked 
and ratings of satisfaction; (2) social networks reflecting their possible mediating influence on 
psychosocial effects; (3) measures of psychosocial health and well-being (the 20 item version of the 
Genera! Health Questionnaire (GHQ-2Q) |13] and the somatic symptom checklist from the 
Symptom Check List-90 (SCL-90) [14| as well as a subset of items from the Critical Life Events 
Scale |15)); (4) a combination of closed- and open-ended items to determine residents' levels of 
awareness, knowledge, concern and action regarding the site or more general environmental 
problems, with particular emphasis on health concerns; and, (5) standard socio-demographic 
variables as a check on the characteristics of the sample and its representativeness and as potential 
mediators of psychosocial effects for inclusion in the analysis. 

Eligible respondents were adult members of the household selected via a random selection 
procedure to ensure gender representativeness. Between May and July 1990, 696 interviews were 
completed across the three sites (Table 2). 



TAHi.K 2: SAMPLE SIZE 
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ANALYTICAL MODEL AND METHOD 



The analytical model which guided the analysis of the survey data has three main 
components: external variables (e.g., individual and exposure-related variables); mediating variables 
(e.g.. social network membership and involvement, general health status measures); and outcome 



variables {e.g., concern, effects and coping responses) (Figure 3). Logistic regression models were 
run using backward-slcpwisc regression for outcomes concern, health concern and actions. Due to 
their a priori importance, the variables age. gender and zone were forced into every model 
regardless of their contribution. Once all important explanatory variables were identified through 
the modelling process, first -order interaction terms were entered using forward-stepwise regression. 
These interaction terms took two forms; (1 ) age. gender and Mine by each remaining independent 
variable, and (2) each remaining independent variable with all others. 

RESULTS 
Concern 

Concent was measured by asking respondents whether or not they had any concerns about 
the site in their area. Frequencies indicate that the overall levc) of concern reported at SWARU 
is low (28%) relative to the other two sites (Milton 74%. Glanbrook 67%). There is some 
evidence at each site of a gradient of concern. This is clearest at Millon with 91 % of respondents 
in the closest lone reporting concern. 82% in zone 2, 67% in zone 3 and 62% in zone 4. The 
specific concerns most frequently mentioned were: air pollution (SWARU), site operation 
(Glanbrook) and water pollution (Milton). 

The logistic regression model of concern at SWARU (Table 3) has a rho ! of .23. The model 
has good specificity (an indicator of false negative predictions) at 81% hot lower sensitivity (an 
indicator of false positive predictions) at 68%. Overall, 79% of cases were correctly classified. 
Based on the significant single effects in the model (the shaded cells in Table 3), a respondent M 
SWARU more likely to be concerned is: satisfied with current health status, has been worried about 
someone over the past 12 months, belongs to a labour union or commercial group and has a score 
on the GHQ-20 above the cut-point for normal [13|. In addition, the significant interaction effects 
indicate that the person more likely to be concerned owns a dwelling and belongs to a labour union 
or commercial group, had a spouse or partner die in the past 12 months and has a GHQ-20 score 
above normal, owns a dwelling and lives closer to the site (as opposed to renting and living closer 
to the site). 

The model of concern at Glanbrook has a rho ; of .22. The model has good sensitivity (79%) 
but lower specificity (69%), Overall, 76% of cases were correctly classified. Based on the 
significant single effects in the model (shaded cells in Table 3), a respondent at Glanbrook more 
likely to be concerned: lives in zone 1 as opposed to zone 4, has lived longer at current address, 
has more close friends, is not satisfied with social activities, participates in fewer helping behaviours 
with neighbours than previously, and, belongs to an environmental group. In addition, the 
significant interaction effects indicate thai the person more likely to be concerned: is not satisfied 
with social activities and has lived fewer years at their current address, is younger and. has fewer 
years at current address, and, female and not satisfied with the area. 

The model of concern at Milton has a rho ! of .40. Both sensitivity (91%) and specificity 
(78%) are high. Overall, 88% of cases were correctly classified. Based on the significant single 
effects in the model (shaded cells in Table 1) a respondent at Milton more likely to be concerned 
lives in zone 1 as opposed to zone 4, has been worried about someone over the past 12 months, has 
a score on the SCL-90 somatic symptom checklist above the normal cut-noinl |14), and, has had 
greater past community involvement. In addition, the significant interaction effects indicate that 
the person more likely to be concerned is not satisfied with social activities and has not been 
worried about anyone over the pnst 12 months, is younger and has h:>d less pasl community 



involve merit. 

Several points can be made from these analyses. First, ihe heterogeneity of the models must 
be acknowledged. This points to the differences in site and population characteristics and thesr 
influence on psychosocial effects of exposure (Figure 1 ). Second, these results illustrate that in this 
case there is no simple cause and effect relationship between exposure and concern. While distance 
from the site was a significant explanatory variable at two of the sites, numerous other variables 
from various blocks of the analytical mode! also contribute to the models. Third, the analysis of 
the Milton site confirms the suggestion that psychosocial effects occur whether exposure is actual 
or perceived. Finally, it would appear that social network factors are more strongly related to 
concern in the rural study areas (Glanhrook and Milton) than in the urban area (SWARU). 

Health Concern 

Respondents were asked whether they considered their concerns to be health related. 
Again, the lowest level of health concern reported win .11 SV. ARU with 2\<« . the highest at Milton 
with 52%, and Glanbrook in Ihe middle with 4S>'.>; . 

The logistic regression model of healih cuncem at SWARU (Table 4) has a rho ; of .22. 
Specificity is high (K5%) but sensitivity is low (60%), perhaps a result of the low levels of reported 
hcalth-ielau-d concern at this site, Overall. 839! of cases were correctly classified. The significant 
explanatory variables which comprise this model (the shaded cells in Table 4) indicate that a 
respondent at SWARU whose concerns are healih related belongs to an environmental group and 
a more likely to have a household ineome in the S60-S70.0IMI range. The one significant 
interaction term suggest thai higher levels of health-related concerns are found in individuals who 
ask for or receive help from neighbours very often and have a score on the SCL-90 somatic 
symptom checklist above the normal cut-point. 

The model of health concern at Olanbtook has a rho ! of ,22. Sensitivity (B0%) and 
specificity (77%) arc both high. Overall, 11% of cases were correctly classified. Based on the 
significant single effects in the model (shaded cells in Table 4) a respondent at Glanbrook whose 
concerns arc more likely to be health related is: older (although, age has a borderline t-value), lives 
in zone 2 as oppxised to zone 4. has an SCL-90 score above the cut-point, and, belongs to an 
environmental group. In addition, the significant interaction effects indicate that the person more 
likely to have health concerns is female and has not had a recent serious illness, is female and 
belongs to a community group not named by the respondent, lives in zone 1 or 2 and has a score 
on the SCL-W below the cut-point. 

The model of health concern at Milton has a rho : of .22. Both sensitivity (76%) and 
specificity <!$%) are high. However, the only significant variable in the model (Table 4) is 'past 
community involvement". This is a summary measure of the number of activities respondents may 
have taken pari in regarding a local community issue. Its significance in this model has two 
potential interpretations; (1) respondents in Milton are very active regarding community issues; 
or, (2) due to the recency of the Milton siting, the local community issue respondents were involved 
in was ihe study site and they arc therefore very aware of potential health implications of a landfill. 

Again, the models for health concern are very different for the three sites indicating the 
uniqueness of each of the. case studies and the points made earlier for the models of concern apply 
equally here. On Ihe other hand, a common feature of the thtec models is the consistent significant 
effect ol variables related to involvement in community and environmental issues. 



Actions 

Respondents were asked if they had participated in one or more of a variety of site-related 
actions. The lowest frequency is again at SWARU (21%), the highest is at Miiton p]%). and 
Glanbrook is in the middle (60%). In addition, there is clear evidence of a gradient of actions away 
from each of the three sites, with the highest levels of reporting in the zones closest to the sites. 

The mode! of actions (1 +) at SWARU (Table 5) has a rho' of only .19, Specificity is 82% 
but sensitivity is only 63%, again likely related to the low frequency of actions taken til this site. 
Overall, 80% of cases are correctly classified. A respondent at SWARU more likely to take one 
or more actions in response to site concerns (shaded cells in Table 5): lives in zone 1 as opposed 
to zone 4, owns a dwelling, is not satisfied with the area in which they live, does not belong to a 
children's group but does belong to more community groups than someone less likely to take action. 

The model of actions (1 +) at Glanbrook has a rho : of .23. Specificity is relatively low (69%) 
but sensitivity is high (94%). Overall, 73% of cases were correctly classified. Based on the single 
significant effeeU in the model (shaded cells in Table 5) a respondent at Glanbrook more likely to 
take at least one action in response to site-rclated concerns: lives in zone 1. has fewer close relatives 
and more close friends, perceives him/herself as being somewhat involved in their community as 
opposed to not at all involved, and, is a member of an environmental group. In addition, the 
significant interaction effects indicate that a respondent more likely to take action has had less past 
community involvement and. does not perceive hinVherself to be very involved in the community 
currently. This last interaction tent) perhaps implies that individuals who are not active in the 
community may become sufficiently aroused by a landfill siting to take action. 

The model of actions 1 + at Milton has a rho ! of .23. Sensitivity is high <81%') but specificity 
is low (S6%). Overall, 74% of cases were correctly classified. The significant explanatory variables 
which comprise this model (the shaded cells in Table 5) arc few. A respondent at Milton who is 
more likely to take at least one action is also more likely to live in zone 1 as opposed to zone 4, 
talk with neighbours very often as opposed to never, and belong to a community group not named 
by the respondent. 

These action-related models arc dominated by social network variables which indicate an 
individual's connectedness to both primary and secondary social networks as well as the wider 
community system of which these are a part. This again supports the use of a socioceological 
approach when investigating psychosocial effects of exposure (Figure 1). 

DISCUSSION 

Zone emerged as an important explanatory variable in several of the models. This points 
to the importance distance from the site plays in the process of psychosocial effects and confirms 
the distance gradients apparent in the outcome variable frequencies. However, given the number 
and mix of explanatory variables in all the models, a simple cause and effect relationship is not 
supported. 

The results indicate that social network variables had significant single effects in all the 
models. While significant variables from all blocks enter the concern-related models, social network 
variables clearly dominate the action models. It appears that those respondents connected to the 
community in other ways are also those taking action. 

Variables related to general health status were included as potential mediators of site- 
specific effects. Items from the Holmes and Rahc stressful life events scale 1 15 j were significant 
in two of the models (concern at SWARU and Milton). The GHQ-20 and SCL-90 measures of 



emotional disticss were significant in 4 of the models: higher levels of emotional distress were 
r«l>t«l to concern (SWARU and Milu>n). health concern (Glnnbrook) and anion (Milton). 
Perceived health status was significant in only one model: concern at SWARU. A fundamental 
dilficuliy in interpreting these results is the uncertain cause and effect linkages. The winahles age 
arid gender were deemed to be of a prion importance given their significance in the environmental 
stress literature. However, as a single term, age achieved (borderline) statistical significance only 
once (health concern nt Glanbiook). Gender also proved to be of little importance despite the 
findings of ol her studies (e g.. Three Mile Island) winch indicate higher levels of psychosocial effects 
among women Related 10 this, the presence of young children in the home did not emerge as a 
significant explanatory variable. 

Individual level variables rarely emerged as significant explanatory variables with the 
exception of length of residence (holh "m the area' and 'at current address"). Dwelling tenure and 
type often emerge as impoitanl variables in understanding concern around other noxious facilities 
1 1 f> J llierc was httle variation in these variables at two sites which could perhaps explain their 
absence ftoni the models. The same argument could account for the lack of effect of 
socioeconomic status (measured as income, education and occupational status). 
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FIGURE 3: 
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INTRODUCTION 



The Ontario Government and olher interested constituencies are working together to limit 
discharges of contaminants into the air. water, and land. However, pollution abatement technologies that 
reduce discharges into one medium often do so by transferring these contaminants to other media. While 
environmental professionals have long been aware ol Ihis phenomenon and the problems associated with 
il administrative structures and legal instruments that have been developed under the Command and 
Control regulatory paradigm have generally focused on one medium at a lime. 

Regulatory policy instruments may, in fact, encourage such inter-media transfers or they may be 
designed to discourage them. This paper reviews the current regulatory framework in terms of how existing 
incentive structures encourage or discourage cross-media transfers We then examine how economic 
incentive policy instruments (i e charges, controlled trading, financial assurance, etc } might affect inter- 
media transfers The advantages and the limitations of these policy instruments with respect to the multi- 
media transfers are highlighted. Comments on how market-based policy instruments might be designed 
to discourage intermedia transfers are presented 

MULTI-MEDIA AND POLLUTION PREVENTION 



The Ontario Ministry of the Environment is developing new regulatory structures and programs that 
are intended to reduce the discharges and loadings of all types of pollutants into surface waters, the air 
or to landfill The Minister of the Environment has articulated three principles which 'signal a significant 
shift in policy for the Ministry of the Environment" pollution prevention, preventing the transfer of pollutants 
trom one environmental medium to another and zero discharge ot specific persistent toxic contaminants 
(Hon. Ruth Grier. Sept. 26, 1991). 

Pollution prevention is aimed at inducing all polluters, including individuals and municipal treatment 
and disposal facilities, to prevent the release of contaminants by substituting inputs that generate harmful 
waste products for less noxious materials and by introducing process changes or product design changes 
that will avoid I he generation and/or release of contaminants into the environment Zero discharge will 
involve absolute prohibition on discharge of certain, yet to be detenitined. contaminants into any part ot the 
environment by what ever means are effective and acceptable. 

End-of-pipe treatment technologies generally transfer pollutants from one environmental medium 
to another For example, waste water treatment involves the precipitation, coagulation or filtration of 
suspended and dissolved contaminants out ol water into a sludge that must be disposed of on land or 
through incineration. Incineration involves the conversion ot solids into gaseous residuals and ash 
"Scrubbing* of SO, and other combustion gasses generates contaminated water and sludges that require 
land disposal 

Many ol the technologies lhal may be used to comply with existing and forthcoming regulatory 
requirements will continue to include end-of-pipe processes that transfer contaminants from one medium 
to another albeit less problematic medtum oi "waste ainfc 11 fbt final dftposftl 



PREVAILING INCENTIVES FOR INTER-MEDIA TRANSFERS AND TRENDS TOWARD THE 'MULTI- 
MEDIA APPROACH" 



For a great many contaminants. Ihe law of conservation of matter implies that inter-media transfers 
are technically unavoidable once the contaminant is generated by a system or process Matter cannot be 
destroyed, only changed chemically or moved physically into more innocuous forms or places. Certain 
processes or products do not have technically feasible substitutes nor are treatment technologies available 
to achieve desired discharge reductions wtlhoul cross-media transfers. 

It is also true that waste treatment processes are often designed to discharge residuals to other 
media in a form or in quantities that permit further natural decomposition and dispersion to harmless levels 
in the environment. Consequently, cross-media contaminant transfers are not always unintended or 
detrimental 

Problems arise Irom inter-media transfers when they are unanticipated or when uni-media 
regulatory programs fail to curtail potential^ harmful exposures of problematic pollutants that occur through 
pathways via other media. For example , key pathways by which pollutants can affect human hearth include 
ingestion of water and/or food, breathing, dermal absorption through contact with water, air-borne particles 
or certain materials. Containment ol the water-borne fraction of contaminants may be of little help in 
reducing health risks if exposure by air-bome traction is ignored or increased by inadvertent cross-media 
tran*fers- 

Inadvertem cross-media transfers may be encouraged by the hitherto traditional focus of regulatory 
programs and activities on aw, water or land For example, the Ontario Ministry of the Environment is 
organized into individual branches for solid waste, water resources and atmospheric pollution issues 
Existence of the "Wafer Resources", "Air Resources" and "(Solid) Waste Management Branches in the 

Ministry of the Environment and other environmental agencies reflects (he medium-specific approach to 
regulation that has prevailed since the creation of the Ministry in 1 971 . 

Environmental guidelines and standards tar ambient quality or discharges and effluents are 
invariably specified in statutes or Regulations for either air. water or land. Moreover, these standards are 
developed separately by pertinent branches or departments within the environmental agency sometimes 
using different information sources and often over different timeframes. 11 is true, of course, that many 
types of contaminants found in water are not discharged to the air but. for those that are found in air-borne 
and Water-borne phases or are present in soil, standards or guidelines may or may not exist for the 
contaminant in each phase. Efforts are now being made in most North American jurisdictioris. including 
Ontario, to ensure that standards are set for a given contaminant in all of the phases or media in which 
it is found. Ontario Environment Minister Ruth Grier (Sept. 1991) has slated that the Ontario Government 
is committed to "Stopping the transfer of pollutants from one environmental medium to another." 

Nevertheless administrative structures continue to induce branches or departments in 
environmental agencies to concentrate on initiatives thai would maximize the controls, reductions and 
quaftty improvements m their own area of concern. For example, the Ontario Environmental Protection Act 
requires thai any person or corporation that builds or operates a facility that discharges, stores, treats or 
handles waste materials must obtain a Certificate of Approval from the Approvals Branch of the Ontario 
Ministry of the Environment Separate Certificates are required for industrial air pollution sources, industrial 
water discharges and for different types of solid waste handling or landfill disposal facilities Moreover, the 
Approvals Branch is organized by individual industrial sectxms for Air, Waste Sites and Systems, and 
Wastewater and MISA. 



Control documents issued by the regulatory agencies, including the Ontario Ministry of the 
Environment, often specify requirements for pollutants discharged into a single medium Control documents 
issued by Ontario Officials seldom specify overall limits or required reductions of discharges of any source 
of a particular pollutant from within an establishmenl or plant However, as noted. Ihis approach is being 
reviewed 

Timing differences among mapr programs that are designed on the basis of air, water or land 
pollution can also provoke unintended trans-media diversions. Development of water pollution control 
requirements that precede programs focused on other media will command the initial attention and 1he 
available resources of regulated parties to the possible exclusion of controls on pollutants into air or solid 
wastes. This argument has be raised by regulated firms during various deliberations in Ontario. 

Here in Ontario and elsewhere, steps are being laken to develop policies and programs that take 
account of multi-media problems and issues. Increasingly, policies and programs are being developed with 
the aid of multi-stakeholder committees and consultations that explicitly consider multi-media implications 
and make Irade-offs where necessary. In addition, the air. water and solid waste management branches 
in Ihe Ontario Ministry of the Environment are under the purview of the same assistant deputy minister so 
I hat mechanisms are in place to lake account ot multi-media issues and considerations. 

Provincial, Stale and local governments are involved in developing Remedial Action Plans (RAP's) 
at designated locations around the Great Lakes. The agencies and committees involved in this program 
are attempting to develop RAP's on a Multi-Media, ecosystem basis lo the extent and degree possible. 
Environmental advocacy groups such as Great Lakes United have recommended the 'reorganization of 
government agencies on a Mulli-Media basis" (Great Lakes United. Sept 1991) 

The key point is that limitations on the transfer of pollutants between one medium and another can 
be established as explicit requirements under the Command and Control regulatory system which can be 
monilored and enforced. 

For purposes ot Ihis paper, we define a "Multi-Media Approach" as a Iwo-step process including 

Setting ambient (air or water) quality and/or discharge standards and objectives for 
contaminants that may be found in different media on a coordinated, all-at-the-same time, 
basis. 

Designing and implementing appropriate Implementation incentive policies lhat will 
establish deterrents and constraints against the discharge or emission of the contaminant 
in question into all media. 

Setting environment! slandards and objectives is. and will continue to be, a fundamental element 
of an effective environmental management strategy Equally as important is the development of 
implementation incenlive policies that will induce regulated parties to achieve and comply with these 
objectives in an effective and efficient manner. The focus of the remainder of this paper will be on 
economic or market-based implementation policy instruments and their potential for preventing undesired 
cross-media transfers of contaminants 



ROLE OF ECONOMIC INCENTIVE POLICY INSTRUMENTS 



Economic instalments have been used in many jurisdictions in the world to assisl polilicians in 
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meeting their environmental goals. Various types and forms of commodity taxes, effluent charges, extra- 
strength sewer surcharges, (radeabie permits, pollution control delay penalties and assessments and 
deposit/return schemes are in place or are being considered lor implementation in different jurisdictions 
The literature on economic policy instruments is large Useful descriptions of these policy instruments and 
comparisons of their strengths and weaknesses vis-a-vis the Command and Control regulatory framework 
may be found in Anderson ei al. (1977). Peat Warwick and Partners (July 1983) Dorrnan (1987) and 
Dewees (Sept. 1980, 1990). 

Economists have generally advocated adoption of one or the other of these policy Instruments to 
enhance and strengthen environmental protection programs in a given jurisdiction. The economic literature 
on these policy options has emphasized efficiency gains and the increased incentives for limefy compliance 
that contaminant charges, tradeabie rights schemes or olher economic incentive policies would appear to 
impart to regulated parties. 

The Ontario Ministry of the Environment has investigated these policy instrument over the pasl 
15 years (Donnan and Victor. Oct. 1974): Peat Warwick and Partners (July 1983. April 1989). This work 
has shown that, 1o be successfully adopted in the North American regulatory context, economic incentive 
policy instruments must be designed as complements or enhancements to enisling policies and programs, 
not as a replacement of the prevailing Command and Control regulatory system Moreover, each type of 
economic policy instrument is not necessarily appropriate for each and every environmental problem or 
isaue New economic policy instruments must be carefully designed for specific issues and purposes, 
Victor (1990) suggests some useful crilena with which the most appropriate type of economic policy 
instrument may be determined for particular problems or issues. 

The question of concern to the present inquiry is whether and how economic policy instruments 
could affect the unintended and undesired diversion of contaminants from one medium to anolher. As with 
Command and Control standards and regulations, economic policy instruments will not prevent unwanted 
inter-media contaminant diversions if the policy instrument is directed only at uni-media pollutants or 
sources while ignoring potential releases into other environmental media. Thus, as with Command and 
Control regulatory elements, economic incentive policies wiH have to be earefuify designed lo prevent 
unwanted cross-media transfers 

There are, however, several features of economic incentive policy instruments which, if combined 
with the existing environmental policy framework, can be exploited to help off-set undesirable inter-media 
transfers of contaminants, first of all. it the application of a tradeobls rights or entitlements scheme or a 
oomaminant charge program results in substantial abatement cost efficiencies for regulated parties relalive 
to Ihe costs of implementing Command and Comroi across-the-board reduction requirements to achieve 
the same degree of discharge reductions, then there will be more funds and resources available for 
additional expenditures lo control potential inler-media diversions 

Another way in which markel-based policy instruments may prevent cross-media transfers more 
effectively than Iraditional Command and Control instrument involves the application of contaminant 
charges. The comer stone of a Command and Control regulatory system is the establishment of numerical 
discharge or ambient quality standards, guidelines or regulations for specific contaminants These 
standards are developed on Ihe basis of one of two rationales. First, threshold ambient quality 
concentrations or pollution loadings values are frequently set at levels which current biophysical data and 
studies reveal no adverse effecls. The other approach is to set discharge contaminant loading ". limits ... 
based on Ihe use of Ihe best available technology that is economically achievable." (Ontario Ministry of 
the Environment. June 1986). The potential for cross-media pollutant transfers arises when information 
is available to set defensible standards for discharges or ambienl concentrations for one medium (ie. water) 
but nol for other phases (ie. air-borne or gaseous) of the same contaminant. Or, as noted, groups wilhin 



an agency who are developing air-related standards may be ahead of those who ara producing water or 
effluent quality standards Furthermore, it rs ofien the case that information is only sufficient to develop and 
defend guidelines rather than legally enforceable standards or regulations 

Under Ihese circumstances, a polluter will be motivated to devote effort and resources lo control 
the legally enforceable discharges while appropriating less (if any) emphasis and expenditure lo control 
emissions lo; which only 'guidelines* (or voluntary compliance are in place The introduction of a 
complementary charge on releases of a particular contaminant, whether it is discharged in aquatic, gaseous 
or solid waste streams trom a particular industrial plant, would be an elfecltve method of imposing an on- 
going incentive to reduce loadings of the contaminant of concern, whether they are subject lo "enforceable 
standards" or to voluntary guidelines or even it there are no specific objectives for the particular parameter. 
The charge may be applied only to Ihe excess of loadings above the specific standards or guidelines or 
lo the total loadings being emitted If charges are applied to ihe latter, the polluter will have an incentive 
to reduce all loadings below thresholds defined by standards or guidelines 

Under a comprehensive charge scheme on a specific contaminant, the incentive lo redirect 
contaminants from waste streams with stringent, "legally enforceable" standards lo streams with less 
stringent guidelines Or no standards at all would be substantially diminished Furthermore, once the legality 
ot contaminant charges are established, they could be implemented in a matter of weeks or a tew months 
at most. On the other hand, devefopment ot legally enforceable standards, or even guidelines in some 
instances, often takes years to complete and enact. 

When the costs of removing a particular contaminant from one type of waste stream are 
significantly different from the costs of treatment and removal of the same contaminant from a alternative 
waste stream that is discharged into another medium, emitters will naturally have an incentive to allocate 
abatement effort lo the lowest cost waste stream and ignore or delay controls of discharges that are more 
costly lo treat and reduce, even if legal standards are in place Under these conditions, setting standards 
for one or Ihe other waste streams in ignorance of Ihe relevant abatement cost functions could impose such 
cosily levels of control and abatement that regulated parties would resist compliance and/or initiate 
unproductive lobbying efforts to gel standards changed or mitigated 

Detailed knowledge ol abatement cost lunctions would permit regulators to set total and individual 
discharge standards lor each waste stream that would optimize abatement costs for Ihe regulated plant or 
facility However, where there is imperfect information about incremental abatement costs for each type 
of waste stream a contaminant charge would induce polluters to implement controls on each waste stream, 
up to the point where the incremental control costs are commensurate with the charge rale In addition, 
a "bubble" standard on all discharges of the contaminants of concern from Ihe plant could be established 
so that operators could optimize abatement among all sources to achieve Ihe standard at least-cost 

Finally, the Ontario government has enacted a unique policy tool thai has important economic 
incentive charactenstics. Part X-A of the Ontario Environmental Protection Act received final reading in 
December 1986 This legislation empowers the Ontario Ministry of the Environment to require that a 
regulated party deposit financial security with the Provincial Government as a condition of any legal 
instrument (ie. order, approval 01 Regulation) issued by a Provincial Officer The origins and specific 
features ol the policy are described in Donnan el al. (Nov, 1987). 

Provision of financial assurance, as it is referred to in Ihe statute, provides a degree of economic 
motivation to comply with short-term environmental control program requirements that are specified in a 
legal control documenl by specified deadlines The financial assurance also ensures that funds are 
available to complete the agreed-to program Financial assurance is also required to provide funds for 
future clean-up or rehabilitation ot waste disposal sites Financial assurance is a unique legal provision 



among North American jurisdictions and, while it eventually must be returned to the regulated party and 
may not be retained by the government as a penalty, the liability that the financial security imposes on a 
firm provides an on-going financial impetus to complete agreed-to abatement programs as soon as 
possible. 

Financial assurance is a complementary tool to be used in conjunction with other currently available 
legal instruments including orders, approvals and prosecutions. By itself, financial assurance would not 
prevent inter-media transfers. However, where a legal standard or regulations are established that place 
explicit limits on the discharges and emissions of specific pollutants from all potential outlets or pathways 
from a particular site, a requirement for financial assurance would give the regulated party an important 
economic incentive lo implement the program. 

Careful design of aU elements of an environmental management framework, including setting 
objectives or standards, monitoring and the potential for prosecution, will be required to ensure that cross- 
media transfers will be reduced or eliminated Economic incentive policy instruments must also be 
precisely designed to help in this task. A key design feature would be targeting "multi-media" contaminants 
for setting objectives, monitoring, application of financial assurance or charges and for the development 
of cost-effective technical abatement programs. 

CONCLUSIONS 

Prevailing environmental regulatory administrative and legal structures, program designs and liming 
of initiatives all contribute to the potential for unwanted and potential adverse cross-media transfers of 
certain pollutants. The Ontario Ministry of the Environment is committed to "preventing the transfer of 
pollutants from one environmental medium lo another". 

Prevention ot inter-media contaminant transfers requires the careful design and coordination of 
existing and new policy instruments. Economic and market-based policy instruments that are being 
considered by many jurisdictions including Ontario wiU not. by themselves, reatoe an automatic adoption 
of a "multi-media" approach by regulated firms, municipalities or individuals However, adoption of carefully 
designed charge schemes, "bubbled" emission requirements or deposit/return schemes such as financial 
assurance in Ontario, would provide powerful and effective incentives for regulated parties to complete 
regulatory requirements on time and in a cost-effectrve manner. Such policy instruments would also help 
to ensure that funds are available tor the required clean-up programs 

The application of economic policy instalments should be viewed as a natural •volution of our 
programs to make environmental management more efficient and effective. They slwukj not be seen as 
a revolutionary change (hat will replace or eliminate the current mix of tools and instruments. However, 
because environmental problems have, in large measure, economic origins and causes, economic tools 
and policy instruments are needed to hefc> resolve them. 
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I. Introduction 

A number of pollutants are regulated by setting an environmental quality standard 
and regulating pollution emissions such that ambient pollution levels do not exceed the 
standard. The standard is generally uniform across the province or country regardless of 
local benefits of control. This paper raises questions about the merits and implications 
of this approach for most pollutants. Evidence is introduced showing that the 
relationship of ambient pollution concentration to damage often does not provide a solid 
basis for selecting an environmental quality standard or for defending one level of such a 
standard in comparison lo another. A corollary is that the harm from occasional or 
modest excursions above such a standard will not usually justify expensive corrective 
measures. A second corollary is that there may be substantial benefits to be gained from 
reducing ambient concentrations below the level specified in the ambient standard. 
These conclusions imply that for at least some pollutants we should search for policy 
instruments that better serve the actual shape of damage functions that are observed. 

This point has received some attention in the economics literature. There is a 
considerable literature examining the cost of achieving compliance with ambient quality 
standards using various regulatory instruments. For example, Atkinson and Tietenberg 
(1982) analyzed the use of marketable permits for achieving an ambient air quality 
standard for particulates in the St. Louis area, employing an air pollution dispersion 
model and cost-of-abaiement functions for the major particulate sources. They found 
substantial cost savings from the use of marketable permits as compared to a standard 
command and control policy, and significant variations in cost depending upon details of 
the permit system. While they recognize that there may be benefits from reducing 
emissions below the target level, this crucial fact is not formally incorporated into the 
analysis. One recent study recognized thai reducing pollution concentrations below the 
ambient standard would generate benefits. Oates, Portney and McGartland (1989) 
analyzed particulate control in Baltimore. While a command-and-controt policy cost SI5 
million more than an effluent charge policy that achieved the same ambient particulate 
standard, the nei cost of the CAC policy was only J6 million more than for the effluent 
charge once the benefits of reducing particulate concentrations below the standard were 
recognized. This study used a benefit function that was linear in concentration, based on 
a survey of the benefit literature. Portney (1990) discusses problems raised by uniform 
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air quality standards. 

This paper presents a theoretical discussion of individual and aggregate damage 
functions and the shape of those functions in relation to ambient pollution 
concentrations. It then briefly reviews the empirical literature on damages for three 
pollutants: benzene, lead, and sulphur dioxide, assessing the shape of the damage 
function that is implied. Finally, implications are suggested for pollution control policy. 

II. Damage Functions - Conceptual 

The problem may be illustrated by considering the shape of the damage function, 
that is, the magnitude of damage done by various concentrations of a pollutant. For 
each pollutant, assume that I species of animals and plants may be affected and that 
there is a population of N, members of each species. The pollution concentration may 
vary over time and over location. Assume further that the magnitude of the harm may 
be expressed in some single index, such as dollars, for any pollutant. While valuation in 
dollars is difficult, it is not impossible and it allows us to include in a single graph or 
equation several types of damage that may occur at different concentrations of pollution. 
For simplicity, three basic individual damage functions will be assessed: the linear, the 
step function, and the ramp. 

v. Linear 

Suppose that for a single individual in a species the harm caused by exposure to 
the pollutant is proportional to the concentration of the pollution. This harm might 
represent the risk of contracting cancer, or it might represent steadily decreasing crop 
yield, growth rate, or some measure of function or health. The damage function for the 
individual is represented by a straight line through the origin, line H in Figure 1. The 
increment in harm from a one unit increase in concentration, the marginal harm is the 
derivative of H with respect to C, and is a horizontal line MH. 

Suppose that the N individuals in species 1 differ in their susceptibility to this 
pollutant, so that the slope of their damage functions is different. Suppose further that 
the I species also differ in the slope of their average damage functions. Finally, suppose 
that when the maximum concentration of the pollution is C, there are some locations 
and some times of the year where the concentration is less, but that the concentrations at 
these other places and times of year is proportional to the maximum concentration. If 
we aggregate all these damage functions, performing a vertical addition of the curves, we 
still have a straight line damage function, and a horizontal marginal harm function, 
shown in Figure lb. The magnitude of the aggregate harm at a given concentration is of 
course far greater than that for an individual at the same concentration. 

With a linear damage function and a constant marginal harm, choosing an 
ambient quality standard C* is quite arbitrary. There is no point on the damage or 



marginal damage function thai distinguished itself as desirable. Economists would 
recommend setting marginal harm equal to marginal cost, so that C* depends on the cost 
function, which we have not shown. In any event, if an ambient quality standard is 
Chosen, there are benefits from achieving lower pollution levels. 

B. Step Function 

The opposite extreme from the linear damage function is the step function. 
Suppose that as concentration increases there is no harm to the individual up to a point 

C, and between that concentration and a slightly higher concentration C 1 some 
substantial and discrete harm occurs, such as incurring a fixed risk of disease or halting 
growth, or suffering some specific symptom such asthma. Beyond concentration C 1 there 
k no further harm. The harm is displayed in Figure 2a for the individual along with the 
marginal harm, which is zero for most exposures but very high within the narrow region 
in which the harm occurs. If al] individuals were identical and all species identical and 
all concentrations identical at all times and places then if regulating this substance is 
justified at all, the only regulation that is defensible is an ambient standard just less than 

Suppose, however, that individuals differ in their susceptibility to this pollutant, so 
that within a species the concentration where marginal harm is large varies considerably. 
Suppose that there is even greater variation among species. Finally, suppose that there 
are variations over space and time in the actual concentration. The aggregate damage 
curve, as a function of the peak concentration might look like Figure 2b, which shows a 
uniform distribution of individual damage functions over a wide range of concentrations, 
giving rise to an irregular total damage function that is approximately a straight line, and 
a similarly irregular marginal harm function that is approximately a horizontal line. 
Astonishingly, the assumption of heterogeneous individuals, species, and exposures 
generates an aggregate damage function similar to that arising from the linear individual 
damage function. The implications arc similar - there is no magic in choosing a 
particular ambient concentration. Of course, this is a result of choosing a particularly 
uniform heterogeneity. If the individuals and/or populations were highly clustered or 
normally distributed, the aggregate damage curves would be more irregular and some 
sort of threshold might survive as a guide to policy. 

C. Ramp Function 

The third damage function assumes that at low exposures there is no harm, that 
there is a substantial range of exposure over which harm increases linearly with exposure, 
and that there is an upper threshold beyond which no harm occurs. See Figure 3a. This 
is similar to the step function except that the range of concentrations over which harm 
changes is large rather than small. Marginal harm is zero except in the ramp area where 
it is small. Again, assume that the individuals and species vary greatly in the minimum 
and maximum concentration that causes harm. This will lead to an aggregate damage 



curve that is similar to that in the second case. If the individual damage functions are 
uniformly distributed, then total harm will rise monotically, if irregularly, over this range, 
and marginal harm will he zero at low and high concentrations and while irregular might 
be represented by an average value in between. If individual damage functions are 
normally distributed, then total harm will look something like an ogive curve and 
marginal harm will approximate a normal curve, shown in Figure 3b. 

As in the case of the step function, the aggregate damage function will not by 
itself provide a basis for choosing an ambient concentration standard if the individuals 
are uniformly distributed. If the individuals are normally distributed and some species 
dominates, then one would expect that the appropriate standard should be within the 
upward sloping section of the marginal damage curve. If one had an estimate of the 
marginal cost of control, one could look for the intersection of marginal cost with 
marginal harm. Since marginal cost will be a decreasing function of concentration, the 
intersection is most likely to be in the increasing portion of the marginal damage curve. 

Ill, Damage Functions - Actual 

The following brief survey of damage functions is not intended to present the 
enormous literature that has been produced on each of these substances. It is intended 
instead to summarize the aspects of that literature that bear on the general shape of 
damage functions, and to present a preliminary suggestion of the shape that is implied. 
The underlying literature emphasizes the considerable uncertainty that attends most of 
our knowledge in this area, and that uncertainty is not reduced by this aggregation and 
summary. 

A. Benzene 

The principal concern arising from environmental exposures to benzene is an 
increased risk of cancer, specifically leukemia. (MOE, 1990, pp. c-19 to 21.) Since dose- 
response functions are estimated from populations that faced high occupational 
exposures, there is uncertainty about risks at low doses. It is generally assumed, at least 
for regulatory purposes, that the risk is proportional to exposure, with no safe threshold, 
although this may over-estimate risks at low exposures. This yields a linear risk or 
damage function and a constant marginal damage function, as shown in Figure la. 

The summary literature does not indicate differences in susceptibility to cancer 
among humans, nor does it indicate risks to other species. However with the linear 
dose-response model even if such differences occur, the aggregate damage function will 
still be linear through the origin, and the marginal damage function will be constant, as 

shown in Figure lb. 

Benzene appears to fit the linear model of Figure 1 perfectly, at least within the 
limits of current knowledge. This implies that if an ambient standard is employed, a 
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given quantum of reduction in concentration below the standard are neither less nor 
more valuable than the same reduction above the standard. 

B. Lead 

The introduction of lead into the environment gives rise to several concerns 
including human health effects and possible future harm to ecosystems as lead 
accumulates in water, soil and the food chain. The evaluation of lead risks is 
complicated because as a persistent heavy metal it accumulates; there is a slow 
accumulation of lead in the body as a result of respiration, ingestion and excretion over 
time, and a slow accumulation in the environment as a result of airborne deposition, but 
without significant natural removal mechanisms. Most human health effects are 
measured in relation to biood lead levels, not environmental concentrations. 

In humans, lead gives rise to a variety of symptoms and problems at varying blood 
lead levels. The USEPA (1986, pp. 1-142 to 1-153) reports a variety of such effects and 
the exposures at which at least some persons have been observed with the effect. For 
children, these effects begin at exposures of less than 10 Mg/dl with increasingly severe 
effects occurring up to 80 Mg/dl; death may occur from exposure to 80-100 Mg/dl- For 
adults there is a somewhat different list of effects beginning at about 10 Mg/dl and rising 
again to about 80 Mg/dl. Dose-response graphs show effects that are linear in blood lead 
concentration, log-linear, and ogive. While the importance of some of the symptoms is 
not obvious to someone without medical training, the clear picture from this evidence is 
of harm that may be zero at blood lead levels of 1 Mg/dl and rising monotonically until 
at levels of 80 or 100 there is a risk of fatality for at least some individuals. 
Furthermore, the literature implies that individuals vary in their susceptibility to lead 
damage, so the range from no effect to serious effects for all humans would be much 
broader than this. Finally, the EPA notes that airborne lead emissions probably 
contribute 25 to 30 percent of the blood lead in persons living in industrial areas. 

This evidence on human health effects suggests that for exposed populations there 
may be a "safe threshold", but there is a considerable range of airborne concentrations 
over which more is worse and less is better, without any particular concentration at 
which a small increase causes particularly large aggregate harm. In short, this may be 
like the ramp function of Figure 3. 

The Ontario MOE (1990, p. c-89) does not indicate harmful effects for species 
other than humans at current ambient concentrations. The tendency to accumulate in 
the environment may mean that in the future harm could arise from further 
accumulation. If so, it seems likely again that damage would occur first to individuals 
and then to species, and that the benefits of a reduction in emissions now would be to 
postpone the date when such harm might occur. This suggests a linear damage function, 
perhaps with a non-zero intercept. 



C. Sulphur Dioxide 

Sulphur dioxide is not a carcinogen, but chronic inhalation may give rise to health 
effects in humans. While the evidence on these effects is not satisfactory, some tentative 
conclusions have been drawn. The USEPA (1982, p. 1-105) concludes that respiratory 
symptoms and pulmonary function decrements may occur in children for exposures above 
certain levels, but that the risks at average ambient sulphur dioxide concentrations are 
likely nonexistent or minimal. The MOE (1990, p. c-155) states that there may be no 
risk of fatality arising from sulphur dioxide exposure, but on the other hand there may be 
a risk that is linearly related to concentration; linear risk equations are also presented 
for hospital days for respiratory conditions and for hospital admissions for respiratory 
disease. Taking these two reports together I conclude that there may be no effects at 
tow exposures but that there is a range of exposure where health effects may be linearly 
related to exposure. Aggregating across individuals would yield something like Figure 
3b. 

The MOE does not list other effects except there is a threshold for phototoxicity 
at 0.02 ppm. The USEPA (1982, p. 1-35) concludes that for any plant species there is a 
threshold concentration above which injury will occur, and that this threshold varies with 
each plant species and with other environmental conditions. There is no suggestion that 
exposure above the threshold will be fatal; instead there is some visible damage. Plants 
may recover from short fumigations, so the duration of exposure matters. This suggests a 
damage function rather like that of Figure 3. 

Finally, there is the acid rain problem. While soils and lakes may have a 
buffering capacity, their capacity to absorb acid varies enormously. In any given lake or 
ecosystem that is beyond this threshold there is a range of precipitation within which 
more is worse and less is better. Combining these factors suggests individual damage 
functions like Figure 3a and an aggregate acid rain damage function like Figure 3b. 

Combining human and plant effects should yield an aggregate damage function 
like thai of Figure 3, with a broad range of exposures within which small increases cause 
small increments in harm. 

IV. Conclusions 

In the case of several pollutants, both theory and evidence reject aggregate 
damage functions that are discontinuous, with enormous harm occurring as a result of a 
small increase in pollution discharge. If the effect of a pollutant on an individual is an 
increasing function of exposure, and if individuals within a species differ in sensitivity, 
and if various species differ in sensitivity, then the aggregate damage function must 
increase gradually but monotically over a wide range of exposures as in Figures lb, 2b, 
and 3b. These damage functions do not display a discontinuity or step in aggregate 
damages that would offer an obvious guide to an environmental standard. In this 
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situation, some consideration of costs and benefits offers a means of determining the 
standard. 

It seems likely that for many pollutants, including all three of those studied here, 
any defensible ambient standard will be set such there are some benefits from control 
below the standard, and benefits from control above the standard, and the marginal 
benefits per unit of control may not differ much in the vicinity of the standard. This 
suggests that there may be considerable merit in treating such standards flexibly, and 
pressing for abatement below the standard when this is not too costly, and allowing some 
excursions above the standard when this is not too harmful. 
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Putting dollar values on environmental losses — on degrada- 
tion of scenic amenities, destruction of wildlife habitat, erosion 
of beaches, increased risks of toxic spills, deterioration of air 
quality, and the havoc resulting from oil spills — has recently 
moved from the domain of a few academic studies to the basis for 
determining damage awards in environmental litigation and attempts 
to settle increasingly acrimonious disputes over the siting of en- 
vironmentally disruptive activities and the use of environmentally 
sensitive resources. This has prompted a rash of evaluation 
studies to satisfy this new demand, and it is now increasingly com- 
monplace to see reports indicating, for example, that "state resi- 

7™ f„" - , lndi S a ^ ed they WOUId pay "P t0 Sl ° P er bird f°r protect- 
to?^ ^ r ° m future t oil ) spills" (The Seattle Times, 14 December 
1990), The stakes are far from trivial, for both parties facing 
compensation claims based on such estimates, and for communities 
choosing between serious curtailment of economic activity and en- 
vxrcnaental disruptions. 

While monetary estimates of environmental values have oc- 
casionally found their way into benefit-cost analyses and have 
sometimes been cited to gain support for particular environmental 
policy proposals, the new-found enthusiasm to assign dollars to 
non-pecuniary losses stems from recent legal and policy require- 
ments. The most notable among these is the Comprehensive Environ- 
mental Responses, Compensation and Liability Act (CERCLA, or Super- 
fund) in the U.S, making polluters liable for not only the costs of 
cleanup, but for "damages for injury to, destruction of, or loss of 
natural resources'*. A similar trend seems evident in Canada where 
litigants are also pursuing a damages remedy for environmental 
losses, preservation and development options are being assessed, 
and the Ontario Law Reform Commission has recently recommended "the 
creation of a new civil statutory remedy, an award of damages paya- 
ble to compensate the public for harm done to the environment, 
entirely independent of any damages payable for injury caused'to 
individuals or corporations" (Ontario lrc, 1990, p. 2). 

In essentially all of the studies or regulations, estimates of 
people s willingness to pay to avoid whatever environmental loss is 
at issue are used or ordered; and increasingly contingent valuation 
surveys are used or prescribed, in which samples of respondents are 
asked to state their valuation of the loss in terms of their will- 
ingness to pay to avoid them. 

However, despite growing practice and optimistic reports to 
the contrary, the empirical evidence strongly suggests instead that 
(1) the use of the willingness-to-pay measure is likely to be hiah- 
ly inappropriate, and (2) the interpretation of contingent valua- 



tion as measures of economic values may be incorrect and seriously 
misleading. While studies using contingent valuation methods (CVM) 
to estimate willingness-to-pay (WTP) values, are almost guaranteed 
to produce numbers — which may be one of the problems — on pres- 
ent evidence, there seems to be little or no justification for 
using the estimates to assess compensable damages or to allocate 
resources between conflicting uses. There is no empirical support 
for such practices and there is persuasive evidence that numbers 
produced by CVM studies to assess WTP values of losses will 
seriously distort environmental policy choices. 

The Valuation Disparity 

The problem with the use of the willingness-to-pay measure is 
that it is the basis for assessing gains rather than losses and 
while it is conventionally assumed to be equivalent to the more ap- 
propriate compensation demanded measure of loss, and therefore an 
adequate substitute, this assertion now appears to be seriously in 
error. 

Studies and environmental assessments continue to be carried 
out with the apparent expectation that any disparity between the 
willingness-to-pay (WTP) and the compensation-demanded (willingness 
to accept, or WTA) measures will be negligibly small and of no 
practical importance — that "according to utility theory, the 
amount subjects would be willing to pay to clean up a site should 
be the same as the compensation they would be willing to accept to 
allow someone to pollute the site (apart from a minor income ef- 
fect}" (Phillips and Zeckhauser, 1989, p. 527). As a result, it has 
become common practice to base assessments of environmental losses 
on this presumption of evaluation equivalence. No reckoning of any 
difference is made, or thought to be necessary, and the more con- 
veniently measured WTP has, as a result, become the measure of 
choice. 

There is, however, little evidence to support this traditional 
view of equivalence, and the consequently easy presumption that WTP 
measures adequately measure the value of losses — environmental or 
others. Instead, the available evidence, which has been accumulat- 
ing for a dozen years or so, supports an alternative view of large 
and systematic disparities. The results of the many controlled 
tests of the equivalence proposition are consistent in showing that 
losses matter much more to people than commensurate gains; and that 
reductions in losses are more valuable than foregone gains. These 
differences have been shown to be independent of transaction costs, 
repetition of trade offers, income effects or wealth constraints 
{Kahneman, Knetsch and Thaler, 1990) . Research studies consistent- 
ly find that people require payments to give up entitlements that 
are from about two or three to well over five or ten times larger 
than the maximum sums they would agree to pay to retain the same 
rights — with the disparities for environmental losses typically 
at the higher ranges. The findings suggest that attempts to assess 



environmental losses will be severely hindered by continuing to ig- 
nore the differences. 

While these findings have until recently not proven popular 
with many economic practitioners and assessors of environmental 
losses — an unfortunate social cost of the reluctance to give up 
conventional assertions — they seem in accord with the strong in- 
tuitions of most people. A particularly persuasive illustration of 
the differing valuations of gains and losses has recently been pro- 
vided by responses to recent automobile insurance legislation in 
the states of New Jersey and Pennsylvania in the U.S. Both states 
introduced options that allowed people to choose between cheaper 
policies that limited rights to subsequent recovery of further 
damages and a more expensive policy permitting such actions. Im- 
portantly, the default option differs between the two states, with 
the reduced right offered in New Jersey unless it is given up and 
full rights are given in Pennsylvania unless the less expensive op- 
tion is specified. Given the minimal costs of choosing either op- 
tion in both states and the large amounts of money at issue, the 
results have been dramatic: to date over 7 per cent of the New 
Jersey auto owners have adopted the limited right, but less than 25 
per cent of Pennsylvanians have done so (Meszaros, et.al. 1991). 

If the valuation differences represent the general case, as 
the evidence now suggests, then the usual assumption of equivalence 
between gains and losses will be a poor predictor of people's be- 
haviour and of their judgments of the fairness and acceptability of 
environmental policies (Kahneman, Knetsch and Thaler, 1986a and 
1986b; Knetsch, 1989) . Assessments based on the equivalence as- 
sumption will likely result in: serious under-statements of losses, 
undue encouragement of activities with negative environmental im- 
pacts, underassessment of compensation and damage awards, setting 
of inappropriately lax standards of protection against injuries, 
inadequate mitigation measures, biasing of choices of preferred 
legal entitlements, and devoting too few resources to avoiding en- 
vironmental harms (Knetsch, 1990) . 

Distinctions between gains and losses, and on whether a posi- 
tive change is taken as reduction of a loss or a gain, and a nega- 
tive change is perceived as a loss or a foregone gains, which to a 
large extent determines the desirability of changes Dr acceptabil- 
ity of proposed resolution of conflicts, are not necessarily 
determined by either the status quo or extant legal entitlements. 
Reference positions may well be based instead on an expected or 
normal condition, which may differ from the present and from legal- 
ly enforceable rights. Reducing current pollution levels, for ex- 
ample, may be viewed as a reduction of a loss from a reference of a 
clean environment and therefore worth more than as an improvement 
from present levels of degradation. Reference levels may also be 
induced in some circumstances, by defining a widely acknowledged 
"acceptable" level, or "objective standard". The use of "poverty 
lines" in jurisdictions throughout the world is a notable example 
of the success of such a strategy even though such income levels 



are widely known to be little more than arbitrary designations. En- 
vironmental standards often serve a similar function in defining 
gains and losses — and distinguishing between gains and reductions 
in losses. 

A further example of likely bias toward inefficient environ- 
mental policies resulting from the assertion of equivalence in the 
valuation of gains and losses is in choices between mitigation 
measures that eliminate or reduce environmental harms and compensa- 
tion payments that permit injured parties to make up for the loss 
by substituting other goods or resource entitlements. The usual 
economic analyses and prescriptions indicate that people would 
usually be made better off with a cash remedy that does not 
restrict purchasing whatever is most valued by the recipient rather 
than having a like sum devoted to the restricted use of mitigating 
the injury. However, the gain/loss disparity findings suggest that 
mitigation measures might be valued more because they reduce 
losses, and compensation awards might be heavily discounted by 
being in the domain of gains. 

The results of a series of empirical studies appear to be con- 
sistent with the different weighing of gains and losses. In one 
extensive series of telephone surveys, respondents in the Toronto 
area were asked one of four versions of the following question: 

Suppose a newly opened gravel pit causes sediment to flow into 
a local stream and that this reduces fish populations by about 
10 per cent. The amount of sediment can be reduced by half if 
the company spends $200 000, but everyone agrees that no amount 
of money would eliminate the problem. The company offers to 
either spend $200 000 on reducing sediment, or to give the same 

$200 000 to X . Given that the money will be 

spent on one or the other, which would you prefer? 

The alternatives to spending on reducing sediment, the X in the 
question, were (1) to have the money put into the general fund of 
the province -- arguably the most efficient policy, (2) paid to the 
general fund of the local municipality, (3) to the local parks and 
recreation authority for use in whatever project is most desired by 
the community, and (4) spending the money to increase other fish 
populations — an attempt to provide a closer substitute for the 
losses suffered. Even though the question was purposely designed 
to suggest a fairly minor loss with little that could be done to 
mitigate the harm, a majority of the respondents in each case said 
that they would rather have the resources devoted to this than to a 
seemingly attractive alternative: 

Spend on 
Province general fund 
Municipal general fund 
Parks /recreation 
Other fish populations 





Spend on Mitigation 


15% 


85% 


19% 


81% 


32% 


68% 


27% 


73% 



Some variation of preferred remedy was evident in the responses, 
with putting the money into either the provincial or municipality 
general fund clearly the least satisfactory remedy. But even the 
seemingly close substitute of increasing other fish populations was 
rejected by over two-thirds of the respondents. Reducing losses, 
even small increments to minor ones, appear to be more important to 
people than a gain in other desirable facilities. 

The survey findings and the valuation disparity that seems to 
give rise to them, suggest that more attention to remedies may well 
be in order. The often proclaimed directive to "pay off the 
losers" as a Beans of "making them whole" and to eliminate opposi- 
tion to various projects and activities, seems to be an expensive 
and ineffective remedy. The form of remedy may be better tailored 
to the various perceived dimensions of loss to be most effective. 
This might take the form, for example, of determining what at- 
tributes, or dimensions, of a loss people representing various in- 
terests view as being effected by the change and designing remedies 
that closely offset the adverse impact to each. Remedies designed 
in accord with people's actual preferences are likely to be not 
only wore effective, but to be far more efficient — less Money 
will be needed to make people better off than with more traditional 
approaches. 

Contingent Valuation Methods and Embedding 

The demand for assessments of non-pecuniary environmental 
values has motivated the development and now extensive use of con- 
tingent valuation methods (CVM) . The essential feature of these 
techniques is that people are asked to nominate a sum of money that 
would make two hypothetical conditions, or contingencies, equally 
attractive or equivalent to them. A typical form is to ask a 
sample of respondents for the maximum amount they would be willing 
to pay to have a new park provided for their use — the sum that, 
if they paid it, would leave the individuals indifferent between 
having the park with the diminished wealth and not having the park 
while maintaining their present monetary position. The estiaates 
yielded by responses to CVM questions have been widely taken as ex- 
pressions of economic values that are fully comparable to the as- 
sessments of what people are willing to give up that are measured 
by market prices. 

While applications of the CVM has been extensive — in part 
due to the assurance that specific estimates are always produced — 
violations of the presumed comparability between CVM estimates and 
market values have been noted in some reports, although often in 
passing. There has, for example, been some concern with evidence 
suggesting that estimates of WTP for a public good are strongly af- 
fected by its position in a list of goods for which WTP is 
elicited; the same good will elicit a lower WTP if it is down in 
the list than if it is the first (Mitchell and Carson, 1989) . 



CVM values are also frequently subject to anchoring effects 
that should not have any noticeable influence on valuations that 
truly represented respondents' willingness to sacrifice in order to 
acquire or maintain an entitlement. For example, in one series of 
telephone interviews the proportion of adult Toronto householders 
saying they "would personally favour a $50 increase in your tax 
bill to prevent a [described] drop in fish populations in the Mus- 
koka region of Ontario" varied from 19 per cent for those who were 
first asked if they would be willing to pay $25, to 66 per cent for 
those first asked to pay $100. This large difference indicates a 
strong influence of whatever number is suggested first and suggests 
that the resulting CVM valuations do not share the trade-off char- 
acteristic of market values. 

Finally, and perhaps most importantly, there is now also evi- 
dence of what has become known as an embedding effect (Kahneman and 
Knetsch, forthcoming), also variously labeled as a part-whole ef- 
fect, symbolic effect, or disaggregation effect (Cummings et al, 
1986; Mitchell and Carson, 1989) : the sane good is assigned a 
lower value if WTP for it is inferred from WTP for a more inclusive 
good than if the particular good is evaluated on its own. 

In an earlier study, Toronto residents were asked if they 
would be willing to pay §50 in increased taxes "to prevent the drop 
in fish populations" in more or less inclusive areas of Ontario. 
The proportions willing to pay this sum for the fish in all of 
Ontario was only slightly higher than the willingness to pay to 
preserve the fish stocks in only a small area of the province. 

A subsequent survey of three samples of Vancouver residents 
demonstrated an even higher degree of embedding for two largely 
public, but otherwise dissimilar, goods. One group of respondents 
indicated that they would be willing to pay an average of about $22 
each per year "to maintain the current fish populations in the 
northern interior of British Columbia." A second group said they 
would pay an average of about $20 to "preserve historic buildings 
throughout British Columbia. The third group suggested that they 
would be willing to pay a total of $21 per year to save both the 
fish in northern B.C. and the historic buildings throughout B.C. 

A further study of adults living in the greater Vancouver 
region was carried out to investigate the embedding effect in the 
context of public goods readily recognizable by respondents (Kah- 
neman and Knetsch, forthcoming) . The median amounts that respon- 
dents said they would pay for "equipment and trained personnel" to 
deal with environmental emergencies varied from $25 when that good 
was evaluated on its own to $1 when the initial question concerned 
WTP for a longer list that included this subset. This suggests 
that in this and all cases in which such effects are present the 
valuation of a good will vary depending on the level at which the 
good is embedded. In such instances measures of environmental 
losses and compensable damages using CVM are largely arbitrary and 
lack comparability to the economic value of alternative resource 



If embedding is present in survey responses, then any single 
estimate would be too arbitrary to provide either a basis for legal 
actions for damages or a useful guide to resource allocation 
policies. For example, if the value of a group of sea otters 
varies by a sizable multiple depending on whether the assessments 
are derived from people's responses to being asked about all ot- 
ters, all sea mammals, or a single otter, then there is little in 
these answers that will either accurately assess the compensable 
loss for the destruction of any specific number of sea otters or 
provide an appropriate basis for determining what resources should 
be devoted to avoiding such losses. 

The major implication of these findings, and the consistent 
evidence reported by others, is that given the possibility, and on 
present evidence the high likelihood, that embedding might be found 
in assessing the value of a particular environmental good, it is 
necessary to demonstrate that embedding is not present in the 
valuation of that particular good or entitlement. Without such a 
finding, any assessment based on CVM would remain suspect and jus- 
tifiably subject to easy dismissal. 

The results do not necessarily imply that the valuation of 
every good is susceptible to an embedding effect. They do, how- 
ever, indicate that in the absence of demonstrations that these 
problems are avoided in specific applications, continued reliance 
on CVM on grounds of a lack of viable alternative assessment meth- 
ods is unwarranted, as is the often stated potential of cvh to 
yield appropriately reliable and useful measures of the economic 
values of public goods to determine compensation for environmental 
losses and efficient allocations. 



Conclusions 

There seems to be little empirical evidence to support the in- 
creasingly common practice of assessing environmental losses by CVM 
surveys asking questions about people's willingness to pay to avoid 
them. Assessing environmental losses remains contentious, but the 
current practices may well be failing to improve either the ef- 
ficiency or equity of remedial measures. 
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Experimental Study of the Guelph Pilot-Scale Solid Waste Composter 

Lambed Otlen, Professor, School ol Engineering. University of Guelph, Guelph. Ontario NIG 2W1 

The Ontario government has set goals to reduce (lie amount ol wasie disposed m landfills by 25% by 1 992 
and 50% by the year 2000 In May 1987. the City ot Guelph (pop 80.800) began a citywide residential blue 
bo* recycling program as a Itrsl slep lo divert MSW Irom its rapidly tilling landfill However, even after 
including apartments, townhouses. businesses and iristnulions. the total diveision rate was still below 10% 
The Second step was to consider composting ol all organic wasle and a pilot program was developed to 
study source separation and collection of dry and wet waste The wet or organic waste was to be 
composted 

Three groups ot homeowners were selected to participate in Ihe protect Each group consisting ol 200 
households, was assigned one ot ihe following three methods of separating the waste 

Three Stream - wel waste (composiable) in green bin (120 I) 
(Group A) - recyclable dry waste in blue bin (240 I) 

- non composiable and nori recyclable waste in regular garbage containers 

Two Stream ■ wel waste (composiable, plus sanitary napkins, disposable diapers, ashes/coals 
(Group B) and contents of vacuum cleaner bags in green tun ( 1 20 1} 

all dry wasle in regular garbage bags 

Two Stream - wel waste (composiable, plus sanilary napkins, disposable diapers, asfies/coats 
(Group C] and coruenis ol vacuum cleaner bags in green bin (120 1} 

■ all dry wasle in blue bin (240 I) 

The wet (composiable) malerial includes all food scraps (vegetable and Iruit peeling, meat and bones, tals 
and cooking oils, egg shells, dairy products, coftee grounds, litters and lea bags, and tood lettoversl and 
yard waste (brush, grass clippings and leaves) 

Almosl ail available daia on mixed wasle MSW compost from ihe U S and Europe indieale that Ihe linuls 
on cadmium, chromium, copper, lead, mercury, and zinc cannot be achieved on Ihe average Oaia tor I lie 
very lew U S and European protects dealing with source-separated organics and yard waste show that 
mosl ot the limits may be achievable. However, most ol the data greatly exceed the mercury limits, often 
by a factor ol 10 In any case, bolti Onlario and Brriish Columbia are proposing regulations to encourage 
source separation ot MSW, ihus eliminating such options as co-composling sewage sludge and MSW 

The objective of this paper is lo descnbe the Guelph pilot composting syslem and lo compare Ihe qualrly 
ol Ihe product with Ihe Ontario Ministry ol Ihe Environment's draft guidelines and Bntish Columbia Ministry 
ot Environment's proposed standards 

A 10 tonne/week pitol plani was constructed at (tie landfill site lo compost Itie wel stream ot groups A and 
C. The composting facility, which is shown schematically m Figure 1, is a hybrid between a sialic aeiaied 
pile and an in-vBSsel reactor The primary cells are 3rti x 3m and Ihe secondary cells are 4 5m x 3m Both 
are normally loaded to a depth ol 1.2m 

Kitchen waste is sorted manually Irom ihe yard wasle al Ihe sile Metals and plastics are removed and 
sent to Ihe recycling plant Alt oversized organic materials (except tree branches) are manually cul into 
smaller pieces All excess yard waste is stockpiled lor future use and oversued branches are put through 
a wood chpper The proportions of kitchen wasie, yard waste, wood chips and maiure compost are 
adjusted to allam a C/N ratio ol about 30 Wood chips are used as a bulking agent and mature conpost 
is spread on the surtace ol Itie pile lor lly control Wasie is kept in Ihe primary cells lor ihree weeks and 
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Figure 1 Top view of [he Guelph Pilot MSW Composting Facility 

live of si* weeks in the secondary cells. The contents ot two primary cells are used to tilt a secondary cell. 
Alter week 9 , the tresh compost is unloaded Irom the secondary cell, screened and windrowed for another 
live weeks tor stabilization 

Airflow !o each cell is controlled by timers and manual valves in [he pipe leading to the cell Every 6 hours, 
the airflow direction is changed from blowing to suction The duly cycle ot the blower is set at 33% to 
provide 5 mm ol continuous fan operation tor each 15 mm interval, and all manual valves are opened fully 

The moisture content ot the composting mass is checked daily During the first si* weeks of the composting 
cycle, the moisture content is kept at about 65% (w b ) by adding water or leachate In weeks 7 through 
9. the moisture content is allowed to drop to 35%. 

Three samples ol each batch of fresh and matured compost are analyzed for total carton content, total 
nitrogen content, nutrient contents, volatile matter content, dry matter content, pH and heavy metal contents 
(cobalt, cadmium, chromium, copper, manganese, nickel, lead and zinc). 

Pile temperaluces are monitored with a probe which has three thermocouple sensors, 300 mm apart, so 
that the pile temperature can be monitored at 300 mm. 600 mm and 900 mm above the cell floor A data 
acquisition system samples the temperatures at 60 s intervals and stores hourly averages tor analysis 

About 50 batches have passed through the system and the results ol batches 21 and 22 are presented 
tor illustration purpose These batches were put mio the primary cell on August 15 and 22. 1990. 
respectively, and combined in the secondary cell on September tt. The composl was moved to the 
windrow on October 16. 

In order to check lor the achievement ol sanitizing temperature-time condition during the process, the 
temperature hislory obtained with seven distributed probes in the secondary cell laerated-static pile) was 
compared with several sanitizing temperature time critena. The criteria used in order of preference are: 

1 55"C to 60"C lor 15 consecutive days; or 

2 7CC for 30 minutes; or 
3. 65°C for several hours. 



Fresh oompost was considered sanitized it eilher one of the Ihree criteria is achieved- it was observed thai 
the temperature-time conditions matching criteria 2 and 3 occured several times during the process, and 
only the last time was considered as the sanitizing condition. The results indicated that Ihe trash compost 
d the mixture o< batches 21 and 22 was sanitized at all temperature-monitoring locations. 

Samples ol mature compost were lasted tor such pathogens as laecal streptococcus, faecal coliform, and 
salmonella The results showed 290 counts/g for faecal streptococcus, 500 counts/g lor faecal eolilonri, 
and counts/1 OOg for salmonella The low counts indicate lhal the material was indeed sanitized. 

The compositional analysis of mature compost Is shown in Table 1 along with the Ontario Ministry of the 
Environment's Draft Guidelines and the British Columbia Ministry of Environment's Draft Regulations. Most 
quality parameters are within the limits set by those standards. With Ihe exception of mercury concentration, 
the heavy metal concentrations are well below Ihe specified limits. The mature compost is also rich in 
organic matter and plant nutrients. This particular analysis is representative of the analyses obtained for 
other batches. 



Table 1. Compositional analysis at Guelph' a Mature Compost 
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MODELLING MUNICIPAL WATER SYSTEMS FOR DEMAND MANAGEMENT 

E.E. Creese* and J,E. Robinson 

Environment and Resource Studies 

University of Waterloo, Waterloo. Ontario N2L 3G1 

INTRODUCTION 

Traditionally, municipalities in Ontario and across Canada have practised sup- 
ply management (Kreutzwiser & Feagan, 1988; Brooks & Peters, 1988). This 
approach views any forecast increases in demand tor water as goals to be met 
by increasing the available supply capacity, Demand management, by conlrast, 
attempts to modify the amount of water used, so that expensive and resource 
intensive expansions of water supply capacity can be delayed or avoided. 

The goal of this study is io produce a forecasting model for the use of water 
managers that can evaluate a selection of demand management options. The 
example in the model is the water system of the Regional Municipality of 
Waterloo. This is particularly appropriate, because in this Region a major ex- 
pansion of water supply is under way, and because of administrative complex- 
ity, as there is a division of jurisdiction between the Regional and local munici- 
palities. Water conservation programs can be different in each municipality. 

The model has focussed on water fixtures and on pricing, two areas where the 
Regional Municipality of Waterloo has also taken an interest. The Region has 
made retrofitting devices for water fixtures available free on demand for a num- 
ber of years. Toilet dams, faucet aerators and showerhead flow restrictors are 
among the devices supplied. In the past year in the City of Waterloo, retrofitting 
kits were distributed door-to-door with a follow-up questional. To date, the 
Region has not used pricing as a demand management tool, although a consul- 
tant to the Region has investigated this (Koehleret alia, 1989}. 

Modelling was done on a Macintosh SE/30 using as software a combination of 
STELLA, a general systems modelling application, and Apple's HyperCard. 
More information on the software used has been presented previously (Creese 
a Robinson, 1990). 

WATER FIXTURES MODULE 

Based on input data, this module calculates the numbers ot housing units with 
retrofitted water fixtures and with conserving water fixtures for each modelling 
year. Figure 1 gives a sample of this output. The module then calculates the 
resulting water savings by year. 

The yearly requirements for new fixtures, whether normal or conserving, and for 
new retrofits are additional outputs of this module. The resulting tables of re- 
quirements for new conserving fixtures and new retrofitting (see Figure 2) are 
useful in determining the cost of relevant municipal programs. Calculation ot 
these requirements is a non-trivial exercise, since municipal programs, changes 
m population and changes in number of people per housing unit are not the 
only driving forces (see Table 1). During each year, both fixtures and fixture 
retrofits are retired and replaced (or not) due to normal wear and tear. Thus, 
usmg the example given in Figures 1 and 2, new retrofitting must be provided 



for 221 housing units in order to go from 1 ,269 retrofitted units in 1988 to 1 ,264 
retrofitted units in 1989. In addition, certain municipal programs may contnbute 
to early retirement of normal fixtures and their replacement by conserving fix- 
tures. 

Information is required on the initial proportion of housing units which already 
have been retrofitted and on the initial proportion of conserving units. A popu- 
lation forecast for the municipality and a forecast of the number of persons per 
household are also required. Survivorship curves are required for the various 
types of fixtures and retrofitting. These in general have to be estimated, based 
on the limited amount of information that is available from manufacturers. 

Municipal water conservation programs are defined in the Water Fixtures 
Module by means of program parameters: water saving per housing unit, con- 
sumer acceptance rate and the fraction of the municipality targetted. Programs 
are input into the module via program selection charts (see Figure 3). As an 
example, with respect to retrofitting, one municipal program might be to simply 
make retrofitting kits available to home-owners on request, another might be 
door-to-door distribution of kits with a follow-up phone call. Obviously, these 
two programs would result in very different acceptance rates. The Water 
Fixtures Module contains default programs for retrofitting, for the installation of 
conserving fixtures in new housing units and for the replacement of normal fix- 
tures by conserving fixtures. The user can select from these default programs or 
construct his own by typing in different program parameters. 

PRICING MODULE 

The pricing of water is important, since price is one factor determining the level 
of water use (Howe & Linaweaver, 1967; Prasifka, 1988). Different uses for 
water are differently affected by price. Howe & Linaweaver (1967) established 
that the outdoor use of water in summer by residential users is more affected by 
price than is indoor residential water use. This is a finding of primary impor- 
tance, since it is the high water use of summer that causes the greatest demand 
for water supply augmentation. 

In this module, we have adopted the principle of full cost pricing. This means 
that water system costs are paid for by water consumers, with no subsidy trom 
general taxation. Implied in this philosophy is that the sale of water should be 
revenue neutral. In practice, a water utility operation may have costs which vary 
tremendously from year to year, particularly capital costs. To prevent cor- 
responding year to year fluctuations in price, price smoothing may be em- 
ployed. Full cost pricing in the context of price smoothing implies the water util- 
ity system may not be revenue neutral in a particular year, but must remain so 
on average over a longer period. Full cost pricing and price smoothing are both 
presently policies of the Regional Municipality of Waterloo. 

The Pricing Module uses full cost pricing, combined with a ten year smoothing 
period, to calculate an average water price for each year. However, the Pricing 
Module also sets a higher price for the summer period. The rationale is that a 
higher summer price better reflects the higher costs of providing water for sum- 
mer uses. It also may depress summer use and delay the need for supply aug- 
mentation. Since it is the higher summer use that necessitates system expan- 
sion, a higher summer price is equitable. 



In the Pricing Module, water use was divided into three components: base 
(winter) use. summer excess use and peak day use. This enables a different 
price elasticity of demand to be applied to each. Since much of summer excess 
water use is outdoor use. such as lawn and garden watering, summer was de- 
fined as those months when there has historically been a climatic moisture 
deficit (May to October inclusive). The meaning of the terms 'base use', 
'summer excess use' and 'peak day use' can be illustrated using (he historical 
averages from the Regional Municipality of Waterloo. The average annual use 
was 100 gaJ/person/day and the average summer use was 105 gal/person/day, 
giving a summer excess use of 10 1 gal/person/day and a base use of 95 2 
gal/person/day. Annual maximum day use averaged 150 gal/person, giving a 
peak day use of 45 3 gal/person/day. 

The Pricing Module establishes a price for summer excess use. Since the 
average price is already established by the principles of full cost pricing and 
price smoothing, the two prices that would actually be charged to the consumer, 
the base price and the summer price, can then calculated. Since the average 
price remains constant, the higher the summer price, the lower the base price. 
For example, using the historical water use values given above, and assuming 
for the sake of easy calculation that price does nol affect water demand, con- 
sider two cases in which the average price is $1.00/100 gal. If the summer ex- 
cess use price is $2.00/100 gal, then the two prices charged to the consumer 
would be: base (winter), $0.95/100 gal and summer. $1.05/100 gal. If the 
summer excess price were increased to $5.00/100 gal, then the winter price 
would be $0.79/100 gal and the summer price, $1.19/100 gal. However, the 
Pricing Module does assume that price affects demand, so that the actual calcu- 
lations are much more complex. For a given average price, a higher summer 
price should bring about a slight increase in base use, a proportionately larger 
decrease in summer excess use and an even larger decrease in peak day use. 
The method of establishing the price for summer excess use has not yet been 
stabilized; several methods are under consideration. 

INTEGRATING THE MODULES 

In applying the two modules to water use forecasting, it is conceivable that the 
modules could be used consecutively or concurrently. If mutual feedback is re- 
quired between the two modules, the concurrent option would be necessary. 

Water conservation programs modelled in the Water Fixtures Module will affed 
base water use, though not summer excess use or peak day use. This reduc- 
tion in use must be known in order to successfully apply the Pricing Module. 
The Pricing Module also has some possible effects on the Watef Fixture 
Module. In theory, different price elasticities should apply to housing units 
which have retrofitted or conserving water fixtures. There is also the possibility 
that higher water prices might motivate people to retrofit their fixtures or acquire 

1 ( 1 2 months/6 months) x ( 1 05 • 1 00) 
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conserving ones. Water prices are presently so low that these effects were 
judged to be minimal and were discounted. 

The two modules therefore can safely be run sequentially, with the Water 
Fixtures Module run before the Pricing Module. 

DISCUSSION 

The model should be very useful both to consulting firms and to municipalities. 
While many people are aware of the concept of demand management, the ap- 
plication to water supply and wastewater treatment planning is not well under- 
stood at present. In addition, a further study to determine the effect of climate 
change on water demand and supply is planned. 
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Figure 1 . Output of a typical run of the Water Fixtures Module as it appears on 
the computer screen, giving the numbers of housing units by fixture class and 
by year. 
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Figure 2. Output of the same run of the Water Fixtures Module as in Figure 1 , 
giving the numbers of housing units requiring new fixtures and/or new 
retrofitting. 
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Figure 3, Program selection chart Selections are made by the computer opera- 
tor by means of mouse clicks in the appropriate rectangles. 
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Table 1 . Yearly calculations of the Water Fixtures Module. The example is the 
same as that of Figures 1 and 2. All numbers refer to housing units. 'Loss' 
refers to ioss through normal wear and tear, which, in the case of fixtures, must 
be made up by 'replacement'. "New units' refers 10 housing units built in the 
current year, while 'conversion' produces conserving units or retrofitted units 
from normal units. 
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